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PREFACE 


The Engineering Design Handbook of the Army Materiel Command is a 
coordinated series of handbooks containing basic information and funda- 
mental data useful in the design and development of Army materiel and 
systems. The Handbooks are authoritative reference books of practical 
information and quantitative facts helpful in the design and development of 
materiel that will meet the needs of the Armed Forces. 


2 bane eRe aset >) Geert. 8 OS 


Pach This Handbook replaces AMCP 706-282, Propulsion and Propellants 
Handbook; it is not merely a revision to up-date the text material. As 
suggested by the title, the main emphasis has been placed on propulsion. 
However, the properties and characteristics of both liquid and solid 
propellants have been updated and are included in the text. 
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The Handbook is divided into two parts: Part One “Chemical Rocket | : 
Propulsion” and Part Two‘ -ir-breathing Jet Propulsion Engines”. Part Two | eh 
— devoted to air-breathing engines, other than piston engines, employed for |6©#S 
propelling winged aircraft, helicopters, and target drones — represents the — 
new addition. 
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This Handbook was prepared for the U. S. Army Materiel Command. . ¥ 
The text was authored by Dr. Maurice J. Zucrow under contract with Duke . 
University. Technical assistance was provided by Mr. J. Swotinsky and Mr. E. | | 
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Fos si Costa, both of Picatinny Arsenal, and Mr. W. D. Guthrie, U. S. Army Missile 

: 2 Command. 

Eo 2 ‘ 
: : 8 The Handbooks are readily available to all elements of AMC including 

A 3 personnel and contractors having a need and/or requirement. The Army 

- z Materiel Command policy is to release these Engineering Design Handbooks 

! ) : to other DOD activitics and their contractors, and other Government a 
} | ‘ agencies in accordance with current Army i<egulation 70-31, dated 9 ) 

: ! P September !966. Procedures for acquiring these Handbooks follow: 


bo ; a. Activities withLi AMC and other DOD agencies should direct their 
= request on an official form to: 





Publications Distribution Branch 
Letterkenny .Aimy Depot 

ATIN: AMXLE-ATD 
Chambersburg, Pennsylvania 17201 
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PREFACE (Continued) 


b. Contractors who have Department of Defense contracts should 
submit their request, through their contracting officer with proper justifica- 
tion, to the address indicated in par. a above. 


c. Government agencies other than DOD having need for the 
Handbooks may submit their request directly to the Letterkenny Army 
Depot, as indicated in par. a above, or to: | 


Commanding General 

U. S. Army Materiel Command 
ATTN: AMCAD-PP 

Washington, D. C. 20315 


or 


Director 

Defense Documentation Center 
ATIN: TCA 

Cameron Station 

Alexandria, Virginia 22314 


d. Industry not having a Government contract (this includes 
Universities) must rorward their request to: 





. 
’ 
‘ 
ir 
! 


Commanding General 

U. S. Army Materiel Command 
ATTN: AMCRD-TV 

Washington, D. C. 20315 


Oe ee Se ee 
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e. All foreign requests must be submitted through the Washington, 
D.C. Embassy to: | 


nel oe Ti 


Office of the Assistant Chief of Staff 
_ for Intelligence 
ATTN: Foreign Liaison Office 
| | Department of the Army 
. Washington, 0. C. 20310 
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All requests, other than those originating within DOD, must be 
accompanied by 2 valid justification. 


Comments are invited and should be addressed to Commanding Officer, 


U. S. Army Research Office—Durham, Box CM, Duke Station, Durham, 
North Carolina 27706. 
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PART ONE 
_ CHEMICAL ROCKET PROPULSION 
5 
~? CHAPTER 1 
CLASSIFICATION AND ESSENTIAL FEATURES OF ROCKET 
JET PROPULSION SYSTEMS 
1-0 PRINCIPAL NOTATION FOR CHAPTER 1* 7 velocity of propellant gas at 
© . exit cross-section A, of exhaust 
A cross-sectiunal area nozzle 
Ag cross-sectional area of nozzle W weight, lb 
exit section 
We dry weight of rocket engine 
Ar frontal area 
: 1-1 PURPOSE AND SCOPE OF HANDBOOK 
D drag, Ib 
This handbook is intended to provide a 
F thrust, Ib general description of the characteristics and 
design features of the propulsion systems for 
m mass, slug missiles and aircraft either employed in or being 
developed for weapon systems of interest to the 
: m mass rate of consumption, Department of the Army. The handbook 
, } sluz/sec assumes that the reader has a_ technical 
background equivalent to the bachelor’s degree 
My mass rate of propellant consump- , in either engineering, physics, or chemistry, but 
tic.. | no previous experience in either propulsion or 
propellant technology. 
P. ‘gas pressure at entrance to exhaust | oo 
nozzle (combustion pressure) For convenience the handbook is divided 
into the following two parts: 
P, pressure in exit plane of the exhaust | 
nozzle PART ONE CHEMICAL ROCKET 
TSEC thrust specific fuel consumption, Ib PROPULSION 
of fuel per hr per lb of thrust 
and 
: u, _—-velocity of propellant gas at en- 
trance cross-section of exhaust 
ees ver PART TWO AIR—BREATHING 
JET PROPULSION 
*Any consistent set of siits may be employed; the units ENGINES 
- : ahaa here are for the American Engineers System (see 
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1-2 SCOPE OF THE FIELD OF PROPULSION 


Since World War II there has been a 
tremendous broadening of ithe field of 
propulsion particularly as applied to aircraft, 
missiles, space vehicles, and reaction control 
devices. An appreciation of the scope of propul- 
sion as a technology can be inferred by examin- 
ing Tabk I-i. 


Piston and turboprop engines (see A{1) and 
A-(4), Table 1-1) employ propellers for develop- 
ing the propulsive force, called the thrust. In 
such systems the propeller is the propulsive 
element of the system. A system which utilizes a 
propeller for producing thrust is termed propel- 
ler propulsion. The turboshaft engine is em- 
ployed for powering the rotors of helicopters 
and as a general gas turbine powerplant. 


TABLE 1-1 


CLASSIFICATION QF PROPULSION ENGINES 


A. AIR-BREATHING CHEMICAL SYSTEMS 


(1) Piston Engine-Propeller Systems 
(2) Turboshaft Engine 

(3) Regenerative Turboshaft Engine 
(4) Turboprop Engines 

(3) Turbojet Engines 

(6) Ramjet Engines 

(7) Turbofan or By-pass Engines 
(8) Turbo-ramjet Engines 


B. AIR-BREATHING NUCLEAR ENGINES 
(1) Nuclear Turboprop Engines 


(2) Nuclear Turbojet Engines 
(3) Nuclear Ramjet Engines 


C. ROCKET PROPULSION SYSTEMS (NON-AIR-BREATHING SYSTEMS) 


(1) Chemical Rocket Propulsion Systems 


(2) Nuclear (Heat-transfer) Rocket Engines 


(3) Electric Rocket Engines 
D. COMPOSITE PROPULSION SYSTEMS 


(1) Hybrid Type Rocket Engines 


(2) Combinations of Chemical Rocket Engines Using Atmospheric Air 
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. Sot ree ww =e EXE Be tay wy VEINnw ~awee-- ROR «1s Or OR 6 a eth 9g ee eee 


All of the propulsion systems listed in Table 
I-1, except A(1), A-(2), and A-<3), utilize the 
jet propulsion principle, discussed in par. 1-3, 
for developing propulsive thrust. It should be 
noted, however, that a turboprop engine de- 
velops a portion of its thrust by jet propulsion 
and the balance by propeller propulsion. 


1-3 THE REACTION PRINCIPLE? * 


The verb fo propel means to drive or push 
forward or onward, and the force which propels 
a body is called the thrust, and is denoted by F. 
Experience has demonstrated that every method 
for propelling a body in either a fluid medium or 
in space is basically an application of Newton’s 
réaction principle. According to that principle, 
forces always occur in equal and opposite pairs; 
1.€., £0 every action (force) there is an equal, but 
oppositely directed, reaction (force). Thus, 
swimming in water, rowing a boat, the screw 
propelling a ship, the propeller causing the flight 
of an airplane, and jet propulsion are exampies 
of the application of the reaction principle to 
propulsion problems. 


In each of the above examples, the applica- 
tion of the reaction principle involves increasing 
the momentum of a flowing mass of fluid in one 
direction so that the reaction to the action force 
causing the time rate of increase in the momen- 
tum of the fluid produces a thrust for propelling 
the body. Hence, the thrust acts in the direction 
of the desired motion for the body and is 
produced by increasing the momentum of a 
flowing fluid in the direction opposite to that 
desired for the body. 


1-4 THE JET PROPULSION PRINCIPLE? 


Jet propulsior, ditiers from other propulsion 
methods in that the rate of increase in the 
momen.um of the propulsive fluid is achieved 
by causing that fluid to be ejected from within 
the propelled body in the forrn of a high speed 


*Superscript numbers refer to References at the end of the 
Chapter. 
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fluid jet. A characteristic of all other propulsion 
schemes is that the propulsive fluid is cansed to 
flow around the propelled body as, for example, 
in the case of an airplane propeller. Hence, the 
thrust produced by a jet propulsion engine is the 
reaction produced by accelerating a propulsive 
fluid as it flows from the inlet section of the 
engine through the exist planes of one or more 
suitable exhaust nozzles. The high speed jet of 
fluid ejected from an exhaust nozzie is termed a 
propulsive jet and the fluid comprising the jet is 
called a propellant. 


There is no restriction, at least in the 
abstract, upon the material which can be used 
for producing the propulsive jet. It may be a 
liquid, a vapor, solid particles, the gas produced 
by a chemical reaction, a plasma, ions, electrons, 
and combinations thereof! **. The choice of the 
most appropriate propellant materials is dictated 
by the propulsion requirements of the mission. 


A common feature of all of the propulsion 
systems for propelling either missiles or aircraft 
is that the propulsive element of the system is 
the exhaust nozzle (or nozzles), also called the 
propulsive nozzle. 


1-5 CLASSIFICATION OF JET PROPULSION 
SYSTEMS 


For propelling either an aircraft or a missile 
in and through the atmosphere surrounding 
earth, the most suitable fluid for forming the 
propulsive jet is a hot gas. Consequently, the jet 
propulsion engines for propelling such vehicles 
are basically devices for producing a hot gaseous 
propellant. They may be grouped into two 
broad classes depending upon the method em- 
ployed for producing the hot gaseous propulsive 
jet ’”. 


In general, every jet propulsion system that 
uses a hot gaseous exhaust jet as its propulsive 
jet comprises two principal subassemblies: (1) a 
hot gas generator and (2) an exhaust nozzle, the 
propulsive element. Regardless of its com- 
plexity, the only function of the hot gas 
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generator is to supply a gas at the desired 
pressure, temperature, and mass flow rate to the 
propulsive nozzle. 


Because there are different methods and 
means for producing the hot gaseous propellant, 
there can be differences in the thermodynamic 
cycle for producing the hot gas. Consequently, 
the different types of jet propulsion systems for 
propelling aircraft and missiles are related to the 
design of the hot gas generator. In general, the 
jet propulsion systems employing hot gaseous 
propulsive jets can be divided into two groups: 


(1) Air-breathing Jet Propulsion Systems 
(2) Rocket Jet Propulsion Systems 


Hereafter, the above will be termed air-breathing 
jet engines, and rocket propulsion systems, 
respectively. Obviously, air-breathing jet engines 
can propel vehicles only within the atmosphere 
of earth, and have maximum altitudes (or 
ceilings) above which they are inoperable. 
Rocket propulsion systems, ou the other hand, 
since they do not use atmospheric air in their 
functioning, can be employed for propelling 
vehicles in any environment; ie., in the atmo- 
sphere of earth, in space, and in or on water. 


1-5.1 AIR-BREATHING JET ENGINES 


A basic characteristic of an air-breathing jet 
engine is that it inducts atmospheric air contin- 
uously so that its propulsive (exhaust) jet 
contains air as a major ingredient. If the heating 
of the inducted air is accomplished by burning a 
fuel with it (a liquid hydro-carbon, a cryogenic 
fuel such as either liquid hydrogen or liquid 
methane, or a solid fuel); the propulsion engine 
is called a chemical air-breathing jet engine. The 
propulsive jet in that case contains a small 
amount Of, combustion products admixed with 
the hot air | 


If the inducted atmospheric air is heated by 
heat-transfer, either direct or indirect, with a 
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nuclear source of energy the propulsion engine 1s 
termed. a nuclear air-breathing jet engine. The 
name air-breathing jet engines as employed 
hereafter will refer to the chemical engines. 
There will be no discussion hereafter of the 
nuclear air-breathing engines. 


All air-breathing jet engines utilize one or 
more of the following gas dynamic processes in 
their functioning: 


(1) The induction of atmospheric air. 

(2) Compression cf the inducted air by 
diffusion, i.e., by converting the kinetic 
energy Of flowing air into arise in static 
pressure. 

(3) Adiabatic flow with friction. 

(4) Compression of the flowing air by trans 
ferring energy to it as it flows through 
some form of turbo-compressor, axial 
flow or radial flow machine. 

(5) Heating of the compressed flowing air by 
burning it with a fuel, usually a liquid 
fuel. | 

(6) Expansion of the compressed heated air, 
admixed with combustion products, in 
some form of turbine which furnishes 
the power for driving the compressor. 

(7) Expansion of the hot propellant gas in 
an appropriate exhaust nozzle and its 
ejection to the surroundings, as a pro- 
pulsive jet. 


In view of its utilization of one or more of 
the above processes in its functioning, an air- 
breathing jet engine is frequently referred to as a 
gas dynamic propulsion engine. 


Air-breathing jet engines may be grouped 
into two main groups: 


(1) Propulsive duct jet engines which em- 
ploy no machinery in the hot gas gener- 
ator. 

(2) Gas-turbine jet engines which employ 
machinery in the hot gas generator. 
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Fig. 1-1 is a block diagram illustrating the 
essential elements of an air-breathing jet engine. 
In a propulsive duct jet engine, the air compres- 
sion is due entirely to diffusion, the conversion 
of the kinetic energy associated with a flowing 
fluid into static pressure rise, and the turbine 
element is omitted. The components I, II and III 
coact to form the kot gas generator. 


In a gas-turbine engine the components I, I, 
IXI],and IV coact to form the hot gas generator. 
The air heating system III for either type of 
engine is termed either the durner or the 
combustor. 


Detailed discussions of the different types of 
air-breathing jet engines are presented in Part 
Two of this handbook. 


1-5.2 ROCKET JET PROPULSION SYSTEMS 


By definition, a rocket jet propulsion system 
is One which does not use any atmospheric air in 
producing the hot gaseous propulsive jet. Conse- 
quently, a rocket propulsion system can propel 
bodies both within and beyond the atmosphere 
of earth. Air-breathing jet engines can function 
only within that atmosphere> ae 


Fig. 1-2 illustrates diagrammatically the es- 
sential elements of a rocket jet propulsion 
system. It comprises the following: 


(1) A supply of a propellant material (or 
materials) stored in appropriate tanks 
carried in the rocket-propelled vehicie. 


(2) Means for metering the rate at which thc 
propellant material is forced into the 
rocket motor, wherein energy is added 
to it. 


(3) One or more rocket motors (also called 
thrust chambers, thrusters, or acceler 
ators) from which the propulsive high 
speed jet is ejected to the surroundings. 
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In every rocket propulsion system, irrespec- 
tive of its type, means must be provided for 
adding energy to the propellant material as it 
moves through the rocket motor. 


Refer to Fig. 1-2. Frogellant material from 
the Propellant Supply (A) is metered and fed by 
the Feed and Metering System (B) to the Rocket 
Motor (C), wherein energy is added to the 
propellant material. As a consequence of the 


_ energy addition, a propellant gas is ejected from 


the rocket motor as a propulsive jet. Accord- 
ingly, a thrust force, denoted by F, is produced 
acting in the direction opposite to that for the 
jet velocity, denoted by u,; the latter is mea- 
sured with respect te the walls of the rocket 
motor. 


If one considers rocket jet propulsion from 
the broadest point of view so that it includes 
space propulsion engines, then consideration 
must be given to the feasibility of utilizing one 
or more of the following forms of energy for 
propulsion purposes: (a) chemical energy, 
(b) solar energy, (c) nuclear energy, and (d) elec- 
trical energy’ . | 


1-5.3 CLASSIFICA7ION OF ROCKET PRO- 
PULSION SYSTEMS 


Rocket propulsion systems may be grouped 
in accordance with the forms of energy they use 
in their functioning. Thus there are four groups: 


(1) Chemical Rocket Propulsion Systems 
(2) Solar Energy Rocket Engines 


(3) Nuclear (Heat-transfer) Rocket 
Engines 


(4) Electrical Rocket Engines 


The discussions in Part One of this hand- 
book will be limited to chemical rocket propul- 


sioi systems; hereafter referred to as rocket 
propulsion systems. 
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Figure 1-1. Essential Elements of an Air-breathing Jet Engine 
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1-5.4 CHEMICAL ROCKET PROPULSION 
SYSTEMS 


Only the chemical types of rocket propul- 
sion systems have achieved operational realiza- 
tion and have a broad, well-developed tech- 
nology. Chemical rocket propulsion systems 
have the following two characteristics: 


(1) They utilize chemical reactions in the 
thrust chamber to produce a high pres- 
sure high temperature propellant gas at 
the entrance plane of a converging- 
diverging exhaust nozzle. 

(2) The propellant gas is expanded as it 
flows through the exhaust nozzle and is 
ejected to the surroundings as a super- 
sonic gaseous propulsive jet. 


The expansion in the exhaust nozzle is a 
thermodynamic process by which approximately 
one-half of the enthalpy released by the chemi- 
cal reaction is converted into the kinetic energy 
associated with the supersonic gaseous prcpul- 
sive jet. Chemical rocket jet propulsion systems 
belong to a class of propulsion systems which 
are frequently termed thermodynamic jet pro- 
pulsion systems. 


In a thermodynamic rocket jet ropulsion 
system, as in an air-breathing jet engine, (see par. 
1-5.1) all of the components except the exhaust 
nozzle constitute a hot-gas generator for supply- 
ing a high pressure, high temperature gas to a 
converging-diverging exhaust nozzle (see Fig. 
4-6). 


The amount of energy that can be added to 
the propellant gas produced by a chemical 
reaction is limited by the nature of the chemical 
bonds of the reactants and products. For that 
reason chemical rocket propulsion systems are 
frequently referred to as energy-linited rocket 
propulsion systems”. It is because of this energy 
limitation that consideration must be given, 
especially for space propulsion engines, to 
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thrust-producing systems in which larger 
amounts of energy can be added per unit mass 
of the consumed propellant. As to be expected, 
when sources of larger amounts of energy are 
considered, atomic energy is a prime contender. 


1-6. ESSENTIAL FEATURES OF CHEMICAL 
ROCKET PROPULSION SYSTEMS ' ' 


The general operating principle of a chemicai 
rocket motor can be demonstrated by consider- 
ing the fin-stabilized solid propellant rocket 
motor illustrated in Fig. 1-3. 


As the solid propetlant burns it produces 
tremendous quantities of hot gas. If the propel- 
lant burns in a closed chamber, such as that 
illustrated in Fig. 1-4(A), the gas pressures inside 
the chamber are balanced in all directions and 
no thrust is developed. Assume now that a small 
hole is opened in the chamber, as illustrated in 
Fig. 1-4(B), and that the propellant burns at a 
constant rate. Under these conditions the com- 
bustion pressure inside the chamber, denoted 
by P,, remains constant (a short time after the 
grain is ignited) at a value governed by the area 
of the hole and the rate, denoted by Mp, at which 
the propellant burns. At the hole in the chamber 
there is an escape of gas and the latter has no 
surface against which it can push. Hence, there is 
an unbalanced force or thrust, denoted by F, 
acting to the left. In a practical rocket motor the 
hole (see Fig. 1-4(B)) is replaced by a 
convereing-diverging nozzle, termed a De Laval 
nozzle, as illustrated in Fig. 1-4(C). Conditions 
are similar if the hot gas js produced by burning 
one or more liquids rather than by burning a 
solid material. In any case the main objective is 
to produce a propulsive jet having the largest 
ejection velocity. 


Because the gas pressure P, at the entrance 
to the exhaust nozzle is normally several times 
that of the surroundings into which the propel- 
lant gas is cischarged, the velocity of the 
rropulsive jet is supersonic. Furthermure, the 
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mean velocity of the gas crossing the throat 
section may be assumed to be equal to the local 
speed of sound (see Chapter 3). 


The following two characteristics of a rocket 
jet propulsion system are mainly responsible for 
the fundamental differences in its operation and 
in that of an air-breathing jet engine” '®. 


(1) A rocket propulsion system corisumes no 
atmospheric air. 

(2) The thrust developed by a rocket jet 
propulsion system depends almost en- 
tirely upon the velocity of the propulsive 
jet, while the thrust of an air-breathing 
jet engine depends upon the difference 
between the momentum of the propel- 
lant gas leaving and entering the engine. 


Because of the above two characteristics, rocket 
jet propulsion systems have the followiie ad- 
vantages compared with other jet propulsion 
systems: 


(1) The thrust is essentially independent of 
flight speec and altitude. 

(2) The thrust per unit of cross-sectional 
area F/Ap is the largest for all known 
types of propulsion systems. 

(3) The thrust per unit of engine weight 
F/Wp is the largest for all known types 
of piopulsion systems. 

(4) A rocket jet propulsion system has no 
altitude ceiling. 


Experience has amply confirmed the predic- 
tions of the pioneers in rocketry, that from a 
propulsion standpoint, all of the space missions 
so far conceived can be achieved by properly 
applying the rocket jet propulsion principle, 
hereafter termed 7ocket propulsion. 


Because the oxygen for burning with the 
fuel is not obtained from the surrounding 
atmosphere, the rate at which a rocket propul- 
sion system consumes its propellant materials 
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(fuel plus oxidizer) is several times the rate at 
which an air-breathing jet engine consumes fuel, 
in developing an equivalent thrust. 


The most important parameters governing 
the flight speed of a propelled vehicle are: 


(1) F/Ag - the thrust per unit of frontal 
area, and 

(2) F/Wr, - the thrust per unit of engine 
weight. 


As mentioned earlier, judged by the above 
parameters rocket propulsion is unsurpassed. 


The range of flight for winged aircraft 
depends in large measure upon the thrust spe- 
cific fuel consumption (TSFC) of the propulsion 
system, measured in pounds of fuel per hour per 
pound of thrust. To obtain a long range for a 
rocket-propelled vehicle, such as an_ inter- 
continental suided ballistic missile (ICBM), a 
trajectory must be utilized which takes ad- 
vantage of its large values of F/Ap and F/Wr, 
but minimizes the adverse effects of its large 
TSFC. To achieve a long range, the large thrust 
of the rocket engine is utilized for propelling the 
vehicle to a very high altitude (several tens of 
miles) and for imparting to it a very large 
velocity (several thousands of feet per second), 
at the end of the operating period for the rocket 
engine, termed the powered flight. The velocity 
at the end of the powered flight is called either 
the cut-off velocity, burnout velocity, or burned 
velocity. The kinetic energy of the vehicle after 
it reaches the cut-off velocity is then used for 
coasting along a ballistic trajectory’. 


1-6.1 CLASSIFICATION OF ROCKET PRO- 
PULSION SYSTEMS 


It is convenient to group rocket propulsion 
systems into four principal categories: 


(1) Liquid bipropellant rocket engines 


(2) Liquid monopropellant rocket engines 


Jian = ow awe eet ee ee <0 oe DS ee 


' aed o! > 


ee et 





(3) Solid propellant rocket motors 
(4) Hybrid rocket engines 


Brief descriptions of the above engines will 
be presented in this chapter, primarily for 
identification purposes. 


1-6.2 LIQUID BIPROPELLANT ROCKET EN- 
GINE 


Fig. 1-5 illustrates the essential elements of a 
liquid bipropellant rocket engine employing a 
turbo-pump (a gas turbine driving the propel- 
lant pumps) for feeding a liquid fuel and a liquid 
oxidizer to a rocket motor. Fig. 1-6 illustrates 
the principal elements of an uncooled liquid 
bipropellant rocket engine. | 


1-6.3 LIQUID MONOPROPELLANT ROCKET 
ENGINE 


Fig. 1-5 also illustrates schematically the 
essential elements of a monopropellant rocket 
engine, if one removes the oxidizer supply tank, 
oxidizer pump, oxidizer lines, etc. A mono 
propellant contains the oxygen for combustion 
in either its chemical or physical structure, or 
both. Consequently, an oxidizer supply, meter- 
ing, and feed system is unnecessary. ° 


1-6.4 SOLID PROPELLANT ROCKET 
MOTOR 


Fig. 1-7 illustrates diagrammatically a solid 
propellant rocket motor employing an internal- 
burning case-bonded solid propellant grain; the 
latter burns radially at a substantially constant 
rate. A solid propellant contains both its fuel 
and the requisite oxidant for burning it, either in 
the solid propellant molecule (double-base pro- 
pellants) or as an intimate mechanical mixture 
(termed either a heterogeneous or composite 
propellant), (see Chapters 7 and 8 for details). 
The chemical reaction is initiated by means of 
an electrically fired igniter. 


1-6.5 HYBRID ROCKET ENGINE 


rig. 1-8 illustrates diagrammatically the es- 
sential elements of one form of hybrid (chem- 
ical) rocket engine. The solid propellant grain, 
which may or may not contain a small amount 
of oxidizer, is reacted with a liquid oxidizer and 
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burns in the radially outward direction at a 
substantially constant rate. Of course, the re- 
verse of the above is possible. 


Of the chemical rocket propulsion systems 
presented above, only the liquid bipropellant 
engine and the solid propellant rocket motor 
have attained an operational state of develop- 
ment for missile propulsion. Thus the ATLAS 
and TITAN ICBM’s employ liquid bipropellant 
rocket engines; the MINUTEMAN ICBM and 
POLARIS IRBM utilize solid propellant rocket 
motors. Monopropellant engines have found 
application in reaction control devices. 


Table 1-2 lists some Army weapons which 
employ i:ccket propulsion systems. 


1-7 UNITS OF MEASUREMENT 
The units of measurement employed in this 


handbook, unless specifically stated to be other- 
wise, are listed below: 


Dimension Symbol Unit of Measurement 
MASS M 1 slug 

FORCE F 1 pound (Ib) 
LENGTH L 1 foot (ft) 

TIME T l second (sec) 


The following tables pertinent to units and 
measurement are presented in the Appendix B 
to this handbook: 

Table B-! Abbreviations for Principal 
Units of Measurement 


Table B-2 Systems of Dimensions, 


Their Units and Conversion 
Factors 


Table B-3 Conversion Factors (Ameri- 
can Engineers System of 
Units) 

‘Table B-4 Dimensional Formulas and 


Units 
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Figure 1-5. Essential Elements of a Liquid Bipropellant Rocket Engine 
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Figure 1-6. Principal Elements of an Uncooled Liquid Bipropellant Rocket Engine 
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TABLE 1-2 ad 


ROCKET-PROPELLED WEAPONS 


NAME | STATUS PROPULSION Les 


ie eche, Bie ee ERS 





SURFACE-TO-SURFACE MISSILES i, ; 
HONEST JOHN Single Stage SPRM P 
LITTLE JOHN Single Stage SPRM ‘ 
PERSHING Two Stage SPRM 4 
SERGEANT Single Stage SPRM j 
LANCE Storable LPRE 

SURFACE-TO-AIR MISSILES ; 
REDEYE Dual Stage SPRM ; 
HAWK (MIN-234) Dual Stage SPRM 
CHAPPARAL | SPRM } 
NIKE HERCULES (MIM-14B) Two Stage SPRM 
SPRING Two Stage SPRM 
SPARTAN Three Siage SPRM | 

ANTITANK MISSILES : 
SHILLELAGH SPRM | 
MAW SPRM 
TOW SPRM _ 

M72 ROCKET GRENADE SPRM 
ENTAC SPRM 
OQ - Operational; SPRM - Solid Propellant Rocket Motor; LPRE - Liquid Propellant Rocket Engine; 
ED - Engineering Development : 
1.16 7° . 
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MOMENTUM THEORY APPLIED TO PROPULSION 


2-0 PRINCIPAL NOTATION FOR CHAPTER 2* 


A 


A, 


Be 


h 


cross-sectiona! area 


cross-sectional area of inlet to a propul- 
sion system 


cross-sectional area of exit section of ex- 
haust nozzle 


effective jet velocity, fps 

diameter 

drag force, lb 

fuel-air ratio 

thrust or net external force acting ona 
body of fluid enclosed by a control sur- 
face S, lb 

magnitude of the force vector F, or 
thrust developed by a propulsion sys- 
tem, lb 

available thrust, ib 


net external force, lb 


local acceleration due to the gravitational 
attraction of earth, ft/sec? 


gravitational correction fac- 
tor = 32.174 slug-ft/Ib-sec* 


static specific enthalpy, B/slug 


*Any consistent set of units may be employed: the units 
presented here are for the American Engineess System (see 
par. 1-7). 


h® 


AH, 


a 


Yu 


sp 


ee Ce 


=e 


m 


= t@X Oo 


i= 


total or stagnation specific enthalpy 
lower heating value of a fuel, B/slug 


calorific value of propellant material, 
B/slug 


unit vector along x-axis 


F /g. n, = specific thrust or air specific 
unpulse, sec 


F /g.m fuel specific impulse, sec 

F/w =F/(w, + Ww) = specific impulse, sec 
unit vector along y-axis 

unit vector along z-axis 

mass, Slug 

mass rate of flow of propellants, slug/sec 
mass rate of flow of fuel, slug/sec 

muss rate of flow of air, slug/sec 

mass rate of flow of oxidizer, slug/sec 


momentum vector 


dM/dt = rate of change of momentum, 
slug ft/sec? 


unit vector along normal to a surface; 
positive direction is outward from surface 


static pressure intensity, psia 


tJ 
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Sialic pressuze intecraly in exit area A, 
of exhaust nozzk, psia 


static pressure of the surroundings 
static pressure intensity, psf 

static pressure in area A., psf 
propulsive power, ft-lb/sec 
required power Output 

thrust nower, ft-lb/sec 


exit loss associated with propulsive jet, 
ft-lb/sec 


power loss, ft-lb/sec 
velocity vector 
magnitude of velocity vector, fps 


normal velocity, normal to a flow area, 
{ps 


volumetzic rate of flow, cfs 


m_,/m = mixture ratio of a propellant 
material combination 


resultant force vector due to the inter- 
action of the internal flow with surfaces 
of the propulsion system, Ib 

magnitude of R, lb 

static specific estropy 


area of a control surface, or a projected 
area, sq {t 


time, sec 


velocity component parallel to x-axis, fps 


ea i a == - - - ---e--- 


Z 


flight speed, fps 


veloaty of jet crossing area A, of ex- 
haust nozzle, fps , 


control volume. i.e., volume inclosed 
by § 


~& 
effective jet velocity 

velocity of a fluid parallel to y-axis, fps 
velocity of a fluid parallel to z-axis, fps 
body force = mg 

weight rate of flow, Ib/sec 


weight rate of flow of atmospheric air, 
Ib/sec 


weight rate of flow of fuel, lb/sec 
weight rate of flow of oxidizer, lb/sec 


net external force in direction of 
x-axis, Ib 


net external force in direction of 
y-axis, lb 


net external force in directio.~ of 
z-axis, Ib 


altitude or elevation, ft 


GREEK LETTERS 


a 


angle between velocity vector and nor- 
mal to flow cross-section 


maz. /m, = the bypass ratio 
ecciciency 


energ* conversion efficiency 
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A fi; fa a td 


7 overall efficiency of propulgon system 

n_ propulsive efficiency 

ideal propulsive efficiency 

thermal efficiency 

yp V/V i> effective speed ratio 

p density, slug/ft? 

YW characteristic property of a flowing 
fluid inside control volume, per unit 


volume 


SUBSCRIPTS 
a al 
amb ambient or air, as specified in test 
e exit area of exhaust nozzle 
f fuel 
Oo oxidizer 
4 internal 
o undisturbed atmosphere 


2-1 MOMENTUM THEOREM OF FLUID 
MECHANICS 


Fig. 2-1 illustrates diagrammatically a region 
of a fluid flow field that is enclosed, at the 
instant t= t,, by a fictitious stationary control 
surface S. The voluine of the fluid instanta- 
neously enclosed by S is termed the control 
volume and is denoted by V. At some Sater in- 
stant of time, t=t, + dt, the same mass of fluid 
is mo longer enclosed by S, due to fluid entering 
and leaving the control] volume JV, as illustrated in 


 — Que ete 2 ew egee_ ee eee 8 —g ee 
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Fig. 2-2. Consequently, at the insiani {= ¢t, + dt 
the mass of fluid enclosed by S at t =t, 1s now 
enclosed by the fictitious surface S’. 


When a fluid flows into or out of a control 
volume it can twransport, in addition to its mass, 
other characteristics or properties associated 
with its mass; such as momentum, energy, 
enthalpy, entropy, etc. It is assumed in all of the 
discussions which follow that the fluid is a 
continuum! . 


2-1.1 TRANSPORT OF A FLUID PROPERTY 
ACROSS A CONTROL SURFACE. If W de- 
notts a charactenstic property of a flowing fluid 
per unit volume, that is transported across a 
control surface S (see Fig. 2-1) then 


D = 2 + ; 
Me fuave fvq-nds 2-0 
V S 


where 


» wr) = the flow or particle derivative 
dt of BV 


xl ; WdV = the local rate of change of W; 
d y 1.e., the rate at which Y, fluid 
property per unit volume, 
changes inside the control vol- 
ume V 


oe 


vq - ndS = the convective rate of change of 
W due to fluid crossing the 
control surface S; i.2., leaving 
and entering V 


q=iu + jv + kw = the velocity 
vector at the point under con- 
sideration 


ij .K = unit vectors along the Cartesian 
coordinate axis; x,y,z, respec- 
tively 
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U.V,Ww = rectangular components of q 
parajle} to the x-,y-,z- axis, re- 


In Eq. 2-3, the differential dV has the same 
value in both of the integrai terns. Hence 


spectively 
mas e e bd D — ow rs 
n= unit normal vector at dS, its (WV) =|(—] +div(Vq) (2-4) 
~ - eta ; ot ot ~ 
positive direction is outward y 


from V (see Figs. 2-1 and 2-2) 


fra) 
is 
]) 


scalar product of q and n 


=q cosa ~ 


dn = the normal velocity = q cosa 


In Eq. 2-1 there is no restriction upon Y—it 
may be either a vector or a scalar. In general, the 
right-hand side is the sum of a nonstationary 
term and a convective term. 


The nonstationary term arises from the fact 


that in an unsteady flow the density of the fluid D 7 PP 
inside the control volume V varies withthetimet.  9¢ (WY) = ¥q “= (2-7) : 
S 
The convective term expresses the condition F ‘ 
that the mass of fluid entering and leaving the 
control volume also transports WY, the character- D 
: =, (WV) = div (Yq) =V -(¥q) (2-8) 


istic Or property of the fluid. 


Eq. 2-1 is the general form of the integral 
equation for determining the rate of change of 
W for a flowing fluid; it applies to both unsteady 
aiid steady flows. To obtain the corresponding 


differential equation, the surface integral in Eq. 


2-1 is transformed into a volume integral by 
applying the divergence theorem?'>. Thus 


frvq.nas= f awevg av 2) 
S Vy 


Substituting Eq. 2-2 into Eq. 2-1, yields 


Den=2 [var+ f anagar (2-3) 
V V 


2-4 


In Cartesian coordinates? 


div (Wq )=V-(Wq) (2-5) 


The operator VY, called del or nabia, is 
defined by 


_: 0 . 0 0 
VA Igy Pig ERS 


In the case of steady flaw, the nonstationary 
terms in Eqs. 2-1 and 2-4 vanish, so that 


2-1.2 MOMENTUM OF A FLUID IN STEADY 
FLOW. By definition, the momentum of a 
flowing fluid of density p, occupying instanta- 
neously the control volume V, see Fig. 2-2, is 
given by 


M=(eV)q (2-9) 
In the subject case, W is given by 


M 
WY = vy = 9q=momentum per unit (2-10) 
~ volume 


By analogy with Eq. 2-1] 


DM 3 [ 
5 | (eq)aV+ | (pq) q -ndS (2-11) 
V S 
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By analogy with Eq. 2-4, one obtains the 
following differential equation: 


aq (2M) 
am. (°2) + div (oq) q (2-12) 
V 
If the flow is stzady, then 


A —) 
at (pq) dV = at. =0 
V 


V 

For «4 steady flow—the type of flow assumed 
in all of the future discussions urless it is 
specifically stated to be otherwise — the integral 
equation for the rate of change of momentum is 
given by 
aM 
—~= (2-13) 
at “ane x. 

S 

The corresponding differential equation is 
— = div (2-14) 
at (pq)q 
By Newton’s second law of motion, the net 
external iorce acting upon a mass of fluid 
instantaneously enclosed by a stationary control 


surface S is equal to the rate of change in the 
momentum of the fluid. 


Let F.,¢ denote the net external force, and 


_ @M 
M = ar =the rate of change in the momentum of 
the fluid. 
Then 
Fext "MJ (eq) -nas ere 


5 


Eq. 2-15 is a vector equation. It applies to 
either a steady or a mean Steady flow, and to 


steady viscous and nonviscous flows. 


2-6 


°° =a «ee om... ee oo _ --~ 


Let X denote the external force acting in the 
direction of the x-coordinate axis, and u denote 
the fluid velocity in the same direction, then 


X= M, = f (PA, )uds = fi pu(qcosa)dS (2-16) 
S 


Similar equations can be written for the 
forces Y and Z acting in the directions of the y- 
and z-coordinate axes, respectively. 


Accordingly, the magnitude of the net exter- 
nal force F,,, is given by 


Fog = VX? + Y? +2? (2-17) 


ex 


The magnitude of the velocity vector q 


q= lq |= Vu? +? + Ww? (2-18) 


2-1.3 EXTERNAL FORCES ACTING ON A 
FLOWING FLUID. In general, the external 
forces acting on a body cf fluid can be divided 
into two types: (1)surface forces,and (2)body 
forces. 


Surface forces are those which are distri- 
buted over the surface of a body, such as the 
pressure exerted by one body on another; as for 
example, the AydroStatic pressure in a body of 
liquid . The component of a surface force acting 
perpendicular to the surtace of a body is termed 
a normal force, and the component parallel to 
the surface of a body is called either a tangential 
or a Shearing force. 


A body force is one which is distributed over 
the entire volume of a body of material; for 
example, the forces due to the gravitational 
attracticn of earth, magnetic fields, electrostatic 
fields, and the like. In the absence of ali fields of 
force except the gravitational field of earth, the 
net external force Fey, acting on the fluid 
instantaneously enclosed by the control surface 
S (see Fig. 2-3) has the following components: 


(1) The body force W = mg acting toward 
the center of earth, due to gravitational 
attraction. 





Ae vy 


an 0 dp wl: 
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(2) The following two surface forces: 


(a) The pressure force F p where 


Fp=—/ pn as = frp as (219) 
S S 


where 
(po —p;) = the excess pressure. 


(b) The net force R due to contact 
between the body of flowing fluid 
ana solid surfaces. 


Hence, the net external force F.¢ ‘is the 
vector sum of tue body and surface forces. Thus 


F =Wt+F +R 


~LXt p (2-20) 


2-1.4 STEADY FLOW MOMENTUM = THE- 


OREM. Combining Eqs. 2-13 and 2-i9, one 
obtains 


W— f pn ds+R= f oaranas (2-21) 
S 


If the propulsive fluid is a gas W ~ 0. 


Eq. 2-21 is known as the momentum the- 
orem of fluid mechanics for a steady flow*. 


_ If X denotes the component of force R in the 
“y-direction, then from Eqs. 2-16 and 2-2! 


ff raquas ffrsas 
S 


S 


X= (2-22) 


If no solid bodies are wetted by the flowing 
fluid and the gravstatic ‘1 attraction of earth is 
negligible, the Eq. 2-22 reduces to 


foaquas = - { v,as 
S 


(2-23) 
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where u is the velocity of the fluid parallel to 
the x-direction. 


The application of Eq. 2-21 for determining 
the thrust of a jet propulsion system 1s illus- 
trated in par. 2-2.1. 


2-2 APPLICATION OF THE MOMENTUM 
THEOREM TO PROPULSION SYSTEMS. The 
application of Eq. 2-21 to determine the thrust 
of a jet propulsion system wili now be illus- 
trated. 


Fig. 2-4 illustrates diagrammatically some 
form of air-breathing engine which is held 
stationary while atmospheric air flows toward it 
with the free stream velocity V,. The stream of 
air that enters the engine and wets its internal 
surfaces will be called the internal flow. Simr 
larly, the air stream flowing past the external 
surfaces or housing of the engine will be termed 
the external flow. 


The interactions of the internal flow with 
the internal surfaces of the engine produce a nef 
cumponent of force parallel to the longitudinal 
axis of the engine, termed the net internal axial 
force, and is denoted by F;. In the relative 
coordinate system (see Fig. 2~+), if an axial force 
acts in the direction opposite to that for the free 
stream velocity, it is called a thrust. 


On the other hand, an axial force which acts 
in the same direction as the free stream velocity, 
in the relative coordinate system, is called an 
internal drag and is denoted by D;. 


For the external flow, the net force acting 
parallel to the lon¢ituduial axis of the engine — 
due to the interaction of external flow with the 
engine housing — is termed the external drag D,. 
Hence, the force available for accelerating the 
vehicle to be propelled by the air-breathing Jet 
engine, termed the availabie thrust Fy, is given 
by 
Fa = Fi-(D, --D;) (2-24) 


2-7 
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Figure 2-3. Forces Acting on a Flowing Fluid 
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Figure 2-4. Air-breathing Jet Engine in a Relative Coordinate System 
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The available thrust F A depends not only 
upon the interactions between the internal flow 
and the internal surfaces of the engine, but also 
upon the configuration of the engine housing, us 
dictated by the installation requirements of the 
propelled vehicle. It is not a direct measure of 
the thrust-producing capability of the engine 
(F; —D;)), but involves the design features of 
the engine housing. 


In a jet propulsion engine the rate at which 
propulsive work is performed, termed the pro- 
pulsive power, is denoted by P. It is a conse- 
quence of causing the internal flow to undergo 
suitable energy transformations as it moves 
along its flow path. In the case of an air- 
breathing jet engine, heat is added to the 
atmospheric air flowing through the engine. Ina 
rocket propulsion system, on the other hand, no 
atmospheric air is inducted into the propulsion 
system. 


2-2.1 GENERAL THRUST EQUATION. It is 
desirable that the thrust-producing capability of 
a jet propulsion system be expressed in a manner 
whicn is independent of the configuration of the 
engine and its installation in the propelled 
vehicle. In general terms, the thrust produced by 
a jet propulsion system is the resultant axial 
component of the static pressure acting upon 
the surfaces of the engine wetted by the internal 
flow. In determining the thrust it is convenient 
to employ a relative coordinate system. 


Fig. 2-5 illustrates diagrammatically an arbi- 
trary jet propulsion system held stationary in a 
uniform stream of atmospheric air having the 
velocity V, relative to the propulsion system. 
The jet propulsion system is shown as a hollow 
body of arbitrary shape; it has an inlet area A ; 
and an exit area A,, both areas are measured 
perpendicular to the velocity V,. The ducted 
body may enclose struts, burners, rotating 
machinery, and may be unsymmetrical. For 
simplicity, however, it is assumed to be sym- 
metrical with respect to its longitudinal axis; the 
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latter is parallel to the x-axis. The positive 
direction of the x-axis is in the same direction as 
the thrust F. It should be noted that F points in 
the same direction as the line-of- flight when the 
engine is propelling a vehicle in the atmosphere. 


The thrust due to the intemal flow, denoted 
by F ;> is given by | 


Fi / pin dS; 7) 
5 


where 


S; = area of internal surfaces wetted by the 
internal flow 


p; = the internal static pressure 


p; -n= axial component of p; 


n 
n= unit normal vector in the axial direction 


Because it is extremely difficult, if not 
impossible, to evaluate the integral in Eq. 2-25, 
the thrust F; will be determined by applying the 
momentum theorem. 


EXAMPLE 2-1. 


Determine the thrust of a jet propulsion sys- 
tem by applying the momentum theorem of 
fluid mechanics (Eq. 2-21). 


SOLUTION. 


To apply Eq. 2-21, a control surface must be 
established. Since the location and configuration 
of the control surface is arbitrary, it can be 
arranged so that it is convenient for the analysis. 


Let S, and S, be two infinite planes drawn 
perpendicular to the longitudinal axis of the 
propulsion system. Plane S, is located suffi- 
ciently far upstream from the propuision system 
so that the static pressure Pp, acting on S, is 
identical with the value it has when there is no 
propulsion system between S, and $ 3 
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Figure 2-5. Determination of the Thrust Developed by a Jet Propulsion System 
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The infinite plane 5, is located where, 
except for the area affected by the propulsive 
jet, the static pressure over S, is equal to that 
over S,. 


The following assumptions are introduced: 


(1) The atmospheric pressure acting on the 
housing of the propulsion system is 
uniforsa. 


(2) The internal flow is one-dimensional and 
steady. 


(3) The body forces are negligible, so that 
W~0; this is substantially correct when 
the flowing fluid is a gas of low density. 


(4) All of the internal flow undergoes identi- 
cal thermodynamic transformations and 
the addition of energy is uniformly 
distributed over its mass flow rate. 


(S) All of the openings through which the 
internal flow enters the engine can be 
replaced by a single equivalent inlet area, 
denoted by A,. 


(6) All of the openings through which the 
internal flow is ejected from the propul- 
sion system can be replaced by a single 
exit area, denoted by A,. 


(7) The areas A, and A, are normal to the 
free stream velocity V, ; the latter is the 
relative velocity of the atmospheric air at 
the inlet section of the engine. 


(8) The engine body is at rest, or moving 
with the constant velocity V, , at a fixed 
altitude. 


(9) The relative velocity of the gases ejected 
through the exit area Ag, denoted by Us, 
is normal to and uniformly distnbuted 
over A,. Moreover, ue > V). 


we — oe Oe ee 6 eee ee a ope OO o ope 
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(10) Tne external flow is adiabatic and fric- 
tioniess; i.¢., isentropic. 


(11) The line-of-flight is coincident with the 
free-stream velocity V,, but oppositely 
directed. 


(12) The static pressuse of the fluid crogsing 
the exit plane of area A,, denoted by Pg, 
either exceeds or is equal to the undis- 
turbed atmospheric pressure pp. 


The internal flow crosses the capture area 
A,» located in plane S, , and flows through the 
bounding streamtube aa’ bb’ into the jet pro- 
pulsion system. The internal flow is ejected 
through the exit area A,, located in S,; the 
ejection velocity Ug is perpendicular to Ag. 


The rate of change in the momentum of the 
internal flow is given by 


M, = f (pu) V, cos a dA (a) 
A 
where A denotes flow area. 


The flew areas, the velocities crossing them, 
and the corresponding values of the angle a are 
presented in Fig. 2-5. Hence, Eq. (a) above can 
be rewritten in the form 


M, = f p,V,xV¥,cosadA 
A, 


+ ee een V, cosa, dA 


lini, 


P 


2 


+ f evox 0080, dA 
A, 


+ 2,VaxV¥ cS, dA (b) 
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In Eq. (b) 
a, =a, *7,a,-a,=0 
cosa, = cosa,=~ 1; cosa, =cosa, =1 


P, = Pz = Por Ps = Pes Py = Py 


Vix = Vax = V4x = Vos Vay = Ue 
The expressions under the integral signs are 
constant and uniformly distributed over their 


respective flow areas. Hence, Eq. (b) becomes 


M, = Appelig —A,p, V4 + (S,—Ag)Py V5 


— (S,-Ag 09 Vo (c) 

In Eq. (c) 
(A —A,p,Vj)zrate o t 
cele : change in the 
x-momentum 


for the inter- 
nalfloy (d) 


(S,-Ag)p, V3 —(S,-A,) p,Ve =srate of 
change in 
x-momentum 
for the exter- 

nal flow = (e) 


Because the external flow is isentropic (As- 
sumption 9), no external force arises from its 
interaction with the external housing. Hence, 
Eq. (e) is equal to zero and Eq. (c) reduces to 
M, =p,u 2 Aa P Vid (f) 


But 


PeieA, = Me = mass rate of flow crossingA, —(g) 
and 


mass rate of fluid into the jet 
propulsion system (h) 


10 


Hence 


M,=M,,—-M,, =m,ue—m, V, (2-26) 


Since it is assumed that the body forces are 
negligible (W = 0), the x-component of the 
external of the external force acting on the 
internal flow is given by 


X=h, -[p,as=R,-|-f p, dA 


S A 


1 


-f p,dA + f pedA + [ Pod | (i) 
A, A, A, 

where, as before 
A, =A, 5A, =S,-A, : A, =Agi A, =S,—-A, 
Hence 
X=R,—(Pe—P,) Ag (j) 
Combining Eqs. 2-26 and (j), yields 
R, =m, ue—m, V, + (Pe—P, Ae (2-27) 


where R, is the action force causing the rate of 
change in the momentum of the internal flow. 


By the reaction principle (see par. 1-3), the 
thrust F = — R,, and acts in the opposite 
direction to ug, as shown in Fig. 2-5. Hence, the 
equation for calculating the thrust amen by 
a jet propulsion system is 
F =m, u,—m, V, + (Pe-P,) Ae (2-28) 


The thrust equations for rocket propulsion 
systems are discussed in par. 2-3 and for 
air-breathing engines in par. 12-3. 


2-2.2 EFFECTIVE JET VELOCITY 


it is convenient to eliminate the pressure 
thrust from Eq. 2-28. In order to do this, a 


a. here 


1 idee «| a Shem... 


ee = 








fictitious velocity, called the effective fet 
velocity c is introduced. It is defined by 


F= m.c—mM, Vo =m,u.—m, ve 


+ (Pe—P,) A, (2-29) 


Hence, the effective jet velocity c is given by* 


ye 

c =uet (Pe—P,)— = V; . 

e * (Pe Po ays (2-30) 
In the special case where the static pres- 

sure p, of the propellant gas crossing A, is 

equal to the atmospheric pressure Py (into 

which the jet is ejected), so that p, =p,, the 

pressure thrust is equal to zero and c = Vj = Ue. 


2-2.3 EXIT VELOCITY OF THE PROPUL- 
SIVE JET 


The flow through the exhaust nozzle of a jet 
propulsion system, the propulsive element of the 
system (see par. 1-5), may be assumed to be 
adiabatic. If h? denotes the stagnation (or total) 
enthalpy of the propellant gas at the entrance 
section of the exhaust nozzle, then 


Ue= V2dh, = V2(h°o—h,) (2-31) 
where 
h° = stagnation specific enthalpy of the pro- 


pellant gas at the entrance cross-section of 
the exhaust nozzle. 


2-3 THRUST EQUATIONS FOR ROCKET 
PROPULSION 


In a rocket propulsion system the hot gas 
generator is the combustion chamber of the 
rocket motor (see par. 1-6.1 and Fig. 1-6). For a 
rocket engine M,, = 0 (see Eq. 2-26). Hence, 


*Both c and Vj are employed interchangeably for the effective 
jet velocity in the literature on jet propulsion engines. The 
symbol ¢ is employed mainly for rocket jet propulsion. 
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the axial thrust of a rocket propulsion engine is 
given by 


F =M, , = mele + (Pe— Py Ae (Ib) (2-32) 
where u, is the velocity of the propulsive jet 
perpendicular to Ag. a':d p, = Pamb = the static 
pressure of the ambient atmosphere. Let 


m,, = the mass rate of consumption of oxidizer 
my = the mass rate of consumption of fuel 


m= m, +m ,= the mass rate of consumption 
of propellant materials 


Introducing the effective jet velocity c, one 
obtains the following equation for the thrust of 
a rocket propulsion system: 


F = mc (1b) (2-33) 
The ratio m,/m is termed the mixture ratio 
and is denoted by r. Thus 


Moy 
=—— = mixture ratio 
ei 
EXAMPLE 2-2. 


(2-34) 


A rocket propulsion system is to develop 
15,000 Ib thrust and burns red fuming nitric 
acid (RFNA) and aniline (AN), at the rate of 78 
lb/sec at a mixture ratio of 3.0. The propulsive 
gas is to enter the exhaust nozzle at a combus- 
tion pressure of 500 psi and expand so the 
Pe = 16 psia at sea level; the ambient atmospheric 
pressure is Pap = 14.7 psia. The exit area of 
the exhaust nozzle is A, = 106 sq in. Calculate 
the effective jet velocity for the propulsive jet, 
and its exit velocity Ug. 


SOLUTION. 


Eq. 2-33;F = 15,000 Ilb;m = 78/32.17 
= 2.42 slug/sec; 


2-12 


Fa a OLS Ba 





Oo am ww Ones = 


. —_ eee ee 


4 
| 





tp, Steer vow 


AMCP 706-285 
F 32.17 
z 78 6190 fps 


_ ] 
Ue =C—— (De — Pg )Ag 


(16-14.7) 
2.42 


= 6190 — 


= 6190 —57 =6133 fps 


24.2 PROPULSIVE POWER (P). By definition, 
the rate at which energy 1s supplied to the 
propulsive element of a propulsion system is 
called the propulsive power. 


In the case of a piston-engine propeller 
system, the propulsive power is the power 
delivered to the propeller shaft. In the case of 
a turboprop engine,the propulsive power is the 
sum of the power supplied to the propeller shaft 


The aniline flow rate (m and that supplied to the exhaust nozzle. 

* =rt+ti=4 In a jet propulsion system, the propulsive 

my power is the rate at which energy is supplied to 
the exhau t nozzle, the propulsive element. 

Hence 

78 In general 

mr= —- = 19.5 lb = 0.608 slug/sec 


The RFNA flow rate 
mM, = 3m;= 1.824 slug/sec 


Thrust at 100,000 ft altitude 
Pamb = 14.7 (0.0106) = 0.1558 psia 


ge = 786133) 


+(16— 
37.17 (16—0.1558) 106 


= 16,520 Ib 


2-4 POWER DEFINITIONS FOR PROPUL- 
SION SYSTEMS 


The power definitions which follow are 
useful in studies of propulsion systems. 


2-4.1 TITRUST POWER (Py). The rate at which 
useful work is done on a vehicle propelled at a 
constant speed V, is termed the thrust power. 
Hence, for a vehicle in uniform flight 


Py =FV, =DV, (2-35) 


where D is the drag of the vehicle. 
2-14 


where P, denotes the sum of the power losses in 
the propulsion system. Thus 

PYEPKE TPL, FPL, to --- (2-37) 
where Py ¢ denotes the kinetic energy associated 
with the propulsive jet and is called the exit loss; 


Pr, ; Pr, ---refer to the other losses associated 
with the system*.’ 


2-4.3 EXIT LOSS (Pxp) 

An ideal propulsion system, by definition , 1S 
one iti Which all of the extraneous power losses 
Py,> Py, --- are zero; ie., the only loss is the 


exit loss. 


The exit loss Pyg is given by 
mv? oy 
PyE= > = > (c-V,)? (2-38) 


where v = c—V, = the effective absolute 
velocity of (he propulsive jet. 


If it 1s assumed that there are no ex- 
traneous power losses and that all linear 
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momentum changes are in the direction of 
motion of the vehicle, then the propulsive power 
P is given by 


24.4 JET POWER (Pi). The power associated 
with the propulsive jet of a jet propulsion 
system is termed the jet power. By definition 


_me? _m ,,2 
Pp = FS Yj 

For power limited systems, such as electric 
rocket engines, the power output of the source 
of electric power PR carried in the propelled 
vehicle is related to the jet power Pi. Thus, by 
definition 


(2-40) 


P. 


where np is the energy conversion efficiency. 


It will be shown in par. 2-5 that the jet 
power can be related to the thrust F and the 
specific impulse ey the latter is defined in that 
paragraph. 


2-5 PERFORMANCE PARAMETERS FOR 
JET PROPULSION SYSTEM 


The performance parameters discussed in 
this paragraph are based on the assumption that 
the propulsion system operates under steady 
conditions. 


2-5.1 SPECIFIC THRUST. In the case of an 
air-breathing jet engine, the specific thrust is 
defined by the following equation: 


l=: F =F (sec) 
M/S. Wa 





(2-42) 


where g, = 32.174 slug-ft/lb-sec?, and wa is the 
weight rate of air induction per sec. 
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I, is frequently termed the air specific 
impulse. 


2-5.2.1 SPECIFIC IMPULSE. In the case of 
rocket propulsion, the specific impulse, de- 
noted by lp is defined by 


Ip = = <F 2 © (sec) 
m/g. w 32.17 





(2-43) 
where 


m =in,+m = the mass rate of consumption of 
propeilant material, slug/sec 


W=wot We = the weight rateof consumption 
of propellant material, lb/sec 


In the case of an air-breathing jet engine the 
juel specific impulse, denoted by Ip is defined 
by 


SS ) 


(2-44) 


W,= the rate of fuel consumption for the air- 
breathing jet engine, lb/sec 


2-5.2.2 SPECIFIC IMPULSE AND JET 

POWER. The jet power P. (see par. 2-4.4) is 
oe. a 

related to the specific impulse Loy by the 

following equation: 


J 2 


For electric rocket engines it is convenient 
to express P. in kuowatts. Thus 


FI 
P= __ SP 
i” 45.8 (Kw) 


Hence, the required power output from the 
electric power source installed in the propelled 
vehicle is accordingly (see par. 24.4). 


(2-46) 
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Pee Flsp (2-47) 
any. 
2-5.3 OVERALL EFFICIENCY (n,). By de- 


finition, the overall efficiency of a propulsion 
system is given by 


No E.. Nth Np (2-48) 
where 


Py = FV = thrust power 


E.,, = rate at which energy is supplied the sys- 
tem | 


Qa thermal efficiency of the system 


Ny = propulsive efficiency of the system 


2-5.4 THERMAL EFFICIENCY (Ny,)- By de- 
finition, the thermal efficiency 7. is given 
b th 
y 

Po 


(2-49) 


The thermnal efficiency measures the ef- 
fectiveness with which the energy EF... Sup- 
plied the propulsion system is converted into 
propulsive power P. In a jet propulsion sys- 
tem the thermal efficiency is a criterion of 
the effectiveness with which the energy sup- 
plied to the system is utilized for increasing 
the kinetic energy of the propulsive fluid as 
it flows through the system. 


In the case of an air-breathing jet engine 


the rate at which energy is supplied the 
engine is given by 


y2 


_f \ 
Bin = tty (AH, + 5° ) 


2-16 


(2-50) 





where 


AH. = the calorific vajue of the fuel, B/slug . 

V>/2 = the kinetic energy associated with the 
fuel due to the flight speed of the 
vehicle, B/slug 


me = the rate at which fuel is consumed, 
slug/sec 


The energy flow mV? /2 was supplied by 
fuel that was consumed previously. 


In the case of a rocket propulsion system, 
Ein is given by 


vi 
Ee, =m AH, + 4 


where 


(2-51) 


AH,, = the calorific value of the propellant 
material burned in the rocket motor, 
B/siug 


m=m, + my = the mass rate of consumption 
of propellant material, slug/sec 


2-5.5 PROPULSIVE EFFICIENCY (,). The 


propulsive efficiency is defined by the rela- 
tionship 


_Py _ Py 
"PP Prt, 


(2-52) 

The propulsive efficiency n.. measures the 
effectiveness with which the propulsive power P 
is converted into the thrust power P-. 


2-§.6 IDEAL PROPULSIVE EFFICIENCY 
(25). The propulsive efficiency defined by Eq. 
2-51 makes no assumption regarding the power 
losses in the propulsion system. 








In the ideal case where the only power loss is 
PE isee par. 2-4.2), the ideal propulsive effi- 
ciency, denoted by 7 


VR ERO, DIRS 66 PHWTONG QaEes OUP I ROT. 
. i} 


It is readily shown that for? 


(a) Air-breathing jet engines 


Np ~ IF 4 1») +(F + 1) 1»)? 
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For a simple turbojet engine f¥O so that 


2y 
= 2-5§ 
Mp l+p 


where v = V, /c. 


(b) Rocket propulsion systems 

ee (2-56) 
P 1+)? 

Eqs. 2-53 and 2-54 demonstrate that for any 
propulsion system the ideal propulsive efficiency 
is primarily a function of the effective speed 
ratio v = V, /c. , 
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] CHAPTER 3 
— 
7 | Nr ELEMENTARY GAS DYNAMICS 
: 3 
7 | 3-0 PRINCIPAL NOTATION FOR CHAPTER 3* d _ diameter, ft or in., as specified in text 
D drag force, Ib 
b a acoustic or sonic speed, fps | 
| D hydraulic diameter = 4R, where R is :, 
F a* critical acoustic speed, where M=1, ips the hydraulic radius i , 
i | 
| a° stagnation or total acoustic speed, fps : 7 
t e stored energy per unit mass of fluid 3 7 ! 
A flow cross-sectional area, sq ft or sq _ j | 
in., aS specified in text E total amount of stored energy associ : , 
a ated with a system : = 4 ; 
f A* critical cross-sectional area where | 
3: u=a* 
f friction coetNcient in the Fanning 
! Me A, maximum cross-sectional area equation for pressure loss 
| B British thermal unit F thrust, Ib 
: ; c effective jet or exhaust velocity # —_sumnpulse function, Ib 
Co maximum isentropic speed = Ag TO g gravitational conversion factor = 
32.174 slug-ft/Ib-sec 
Cy instantaneous specific heat constant 
pressure, B/slug-°R G ___ flow density or mass velocity = m/A 
G mean value of for a specified G* critical flow density, value of G where 
temperature range M=I 
Cy instantaneous value of the specific h _ static specific enthalpy, B/slug 
heat at constant volume 
h° stagnation or total specific enthalpy, 
C. _ contraction coefficient B/slug 
a * 
= Cy — discharge coefficient Ah finite change in specific enthalpy 
| *Any consistent set of units may be employed; the units pro- Ah, finite change irs specific enthalpy fora ° 
> gr aa are for the American Engineers System (see - compression, B/slug 
3-] 
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= 


= 


is: 


p* 


2 


3-2 





finite change in specific enthalpy for 
an isentropic compression, B/slug 


finite change in specific enthalpy for 
an expansion, B/slug 


finite change in soecific enthalpy for 
an isentropic expansion, B/slug 


meciianical equivalent of heat ~ 778 
ft-Ib/B 


length, unit as specified in text 

mass, slug 

molecular weight, slug/mole 

Mach number (q/a or u/a) or magni- 
tude of moimnentum vector, as speci- 
fied in text 

dimensionless velocity (u/a* or q/a*) 
momentum vector 

rate of change in momentum = dM/dt 
absolute static pressure, psia 


ambient static pressure, psia 


critical siatic pressure, where u=a%*, 
psia 


absolute static pressure, psf 


critical static pressure, where u=a’*, 
psf 


velocity vector 


magnitude of q or the dynamic pres 
sure, aS specified in text 


isentropic velocity, fps 


ID es re, se t+ ee cic: 


dmax 


T* 


T° 


maximum isentropic speed = 
= Px T° 


Co 
volumetric rate of flow, cfs 

pressure ratio 

pressure ratio for a compression 


process = P,/P (or p, /p,)s where 
P_>P, 


expansion ratio for an expansion 
process = P, PP, , where P, > P, 


expansion ratio which makes u = a* 
gas constant = R,,/m 


hydraulic radius, in ft orin.,as spec- 
ified in text 


universal gas constant = 49,717 ft-lb/ 
slug-mole °R = 63.936 B/ slug-mole-"R 


degrees Rankine 
static specific entropy, B/slug-°R 


critical value of s, where u = a* 


time, sec 
absolute static temperature 
(°F + 460), °R 


critical static temperature, value of T 
where u = a® 


stagnation or total temperature, °K 


velocity parallel tc the x-axis, fps 


adiabatic exhaust velocity 
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\ 
u*  cfitical value of u, where u=a* 
u’ isentropic exhaust velocity = 
o f 2 
a ee Z,) 
Vv specific volume = 1/p = cu ft/slug 
v° _ stagnation value of specific volume 
=1/p° 
V _ contro! volume in a region of a flowing 
fluid 
w weight = mg,, lb 
W _ shaft work 
Pale shaft work done by system in golig 
from state 1 to state 2 
w weight rate of flow = m4), lb/sec 
z=! 
Z. compression factor = (r,) 7- 1 
y—1 
Z, | expansion factor = 1 — (ry) 7 
GREEK LETTERS 
a _ angle between velocity vector and nor- 
mal to flow cross-sectional area 
y specific heat ratio = Cy/Cy 
n efficiency 
p density, slug/ft* 
p* critical density = 1/v*,value of p where 
u=a* 
p° _ stagnation or total density 
7 shear stress(friction force per unit area) 





2 final state, or reference state 2 
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SUBSCRIPTS i 
Numerals : 
0 free stream a 

1 initial state, or reference state | i 

: 


2 ambient or atmospheric 


c compression or entrance section of a 


ca 


bebe ae apa 





a 
J 


he 


nozzle 
e exit cross-sectional area normal to flow a : 
direction 3 
ext external i 
f friction : 
int internal : 
max maximum value “2 
“y 
min minimum value - , 
“a 
n nozzle | : 
| 
t expansion or turbine,as specified in text , 
: \ 
th thermal } 
UPERSCRIPTIS 
‘ (prime) denotes the value is obtained | ; 
by means of an isentropic process | 
* critical value, where u=a*, and M=1 . 
O stagnation or total value 
3-3 ) 
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3-1 INTRODUCTION* 


Gas dynamics, which is the theory of the 
flow of a compressible fluid, is of fundamental 
importance to the analysis and design of the 
chemical rocket and air-breathing engines 
described in Chapter 1. By applying the 
principles of gas dynamics to such engines one 
can determine the parameters which characterize 
the motion of the compressible fluid and its 
thermodynamic state at pertinent stations in its 


flow path through a jet propulsion engine or a 
turboshaft engine. In most cases it may be 
assumed the flow of fluid through the engine is 
steady and one-dimensional. Consequently, the 
basic principles of steady one-dimensional flow 
are of great importance to the studies concerned 
with che engines discussed in this handbook. 


Table 3-1 presents the flow processes of 
major importance to the engines to be studied. 


TABLE 3-1 


FLOW PROCESSES IN JET PROPULSION ENGINES 


FLOW PROCESS 


1. Compression by diffusion 
2. Compression by mechanica: means 
3. Flow expansion 


4. Flow with friction 


5. Flow with heat transfer 


6. Fiow with mass addition 


*Appendix A presents more detsiled information on elementary 
gas dynamics. 


3-4 





TYPE OF ENGINE 


Ramjet, turbojet, turboprop 


Turbojet, turboprop, turbomachinery 


Ramjet, turbojet, turboprop, chemical 
rocket, nuclear rocket, electrothermal 
rocket 


Ramjet, turbojet, turboprop, 
nuclear rocket 


Ramjet, turbojet, turboprop, chemical 
rocket, nuclear rocket, electrothermal 
rocket 


Solid propellant rocket, hybrid rocket 
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For analyzing the flow processes listed in 
Table 3-1, the following physical principles are 
available: 


(a) The principle of the conservation of 
matter for a flowing fluid. 


(bv) The principle of the conservation of 
momentum which is expressed by the 
momentum theorem of fluid mechanics. 


(c) The principle of the conservation of 
energy which was first demonstrated for 
an isolated mechanical system by 
Liebnitz (1693). For a flowing fluid the 
energy principle leads to the so-called 
energy equation. 


(d) The second law of thermodynamics from 
which one obtains the entropy equation 
for a flowing fluid. 


(e) The thermodynamic pronerties of the 
flowing compressible medium under con- 
sideration; these lead to some form of 
defining equation (equation of state) 
relating the static pressure, density, and 
temperature of the flowing fluid. 


Flows which are steady and one-dimensional 
are those for which the variables—P, p, q or 
their equivalents—at a point in the fluid are 
invariant with tme and change appreciably in a 
single direction. Unless it is specifically stated to 
be otherwise, it is assumed in all of the 
subsequent discussions in this chapter that the 
flow is steady and one-dimensional. 


3-2 THE IDEAL GAS 


The idea! gas is the simplest thermodynamic 
working fluid; the propulsive gas ejected from 
the exhaust nozzle of a jet propulsion engine 
approximates the ideal gas. 
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3-2.1 THE THERMALLY PERFECT GAS 


A gas is said to be thermally perfect if it 
satisfies the following equation. Thus 


P= pRT = oR, T/im (3-1) 


where in the American Engineers System of 
units (see par. 1-7) 


T = absolute temperature of the gas,°R 
P = absolute pressure of the gas, psf 
p = density of gas, slug/ft? 


universal gas constant = 49,717 
ft-Ib/slug-mole*R = 63.936 
B/slug-mole-R 


R = R,/m= gas constant 


m = molecular weight of the gas, 
slug/mole 


Hence, for a thermally perfect gas 


P 
ORT l (3-2) 
For a real gas, the deviations of the ratio 
P/oRT from unity become significant at very 
high pressures, such as those occurring in guns, 
and at very low tempera ures. The deviations 
arise from the fact that every real gas can be 
liquefied, while an ideal gas ‘cannot. 


3-2.2 SPECIFIC HEAT 


By definition, the specific heat c of a 
medium is given by 


c=6Q/dT (B/slug-’R) (3-3) 


The magnitude of the specific heat c 
depends upon the manner in which the heat 
increment 6Q is added to the medium. Two 
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specific heats are of importance; c, the specific 


heat at constant volume, and cp the specific heat 
at constant pressure. 


3-2.2.1 SPECIFIC HEAT AT CONSTANT 
VOLUME (c,) 


If 5Q is added to a mass of gas while its 
volume is held constant, then 


= 0 ,(9u . 34 
Cy ar 2) (B/slug-~ R) (3-4) 


where 


du = the specific internal energy of the 
gas, B/slug 


From Eq. 3-4 the specific internal energy of 
@ gas is given by 


T 
u= i] cjdT+u, (B/slug) (3-5) 
T : 


0 


3-2.2.2 SPECIFIC HEAT AT CONSTANT 
PRESSURE (c,) 


If heat is added to a mass of gas under 
isc baric conditions (dP = 0), then 


- £6Q [ Ju OV 
+ + — 
po (52): (=?) (zr) (2) 
| Vv T P 
(B/slug- R) (3-6) 
It follows from Eqs. 3-4 and 3-6 that 
cy > Cy. 
3-2.2.3 SPECIFIC HEAT RATIO (7) 
By definition 


7= : = the specific heat ratio (3-7) 





3-2.2.4 SPECIFIC ENTHALPY AND SPECIFIC 
HEAT 


By definition, the specific enthalpy h, which 
is a property of the gas, is defined by 


h=u+P/p (B/slug--R) (3-8) 
and 
Cy = dh/dt (B/slug-°R) (3-9) 


3-2,3 CALORICALLY PERFECT GAS 


A gas is said to be calorically perfect if the 
specific heat c, is independent of the gas 
temperature. If a gas is thermally perfect but 
caloricaily imperfect, then 


=pRT and cy, = £(T) (3-10) 


A gas which is both thermally and calonically 
perfect is called an ideal gas; frequently such a 
gas is termed a polytropic gas’. 


3-2.4 SPECIFIC HEAT RELATIONSHIPS 


For an ideal gas c,, €,, and y are constants 
independent of the gas temperature. These 


constants are related by the equations which 
follow. 


Thus 


—cC,=R (Regnault Relationship) (3-11) 


=pf_l =p{_—v 
Cy r(4) and Cy R (>) (3-12) 
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3-2.5 ACOUSTIC OR SONIC SPEED IN AN 
IDEAL GAS 


The speed with which a sound wave (or a 
very small pressure disturbance) is propagated in 
a medium Is termed either the acoustic or sonic 
speed, and is denoted by a. If the medium is an 
ideal gas, then 


where m is the molecular weight of the gas. 
3-2.6 MACH NUMBER 


When there is a large relative speed between 
a body and the compressible fluid in which it is 
immersed, the compressibility of the fluid, 
which is the variation of its density with speed, 
affects the drag of the body. The ratio of the 
local speed of the body u, to its acoustic speed 
a, 1s Called the local Mach number, which is 
denoted by M. For an ideal gas 





Me Ss (3-14) 
a VyRT 
Or 
2 2 
2 ur = _U 7 
M I ORT (3-15) 


The speed u measures the directed motion of 
the gas molecules, and u* is a measure of the 
kinetic energy of the directed flow. According 
to the kinetic theory of gases the temperature T 
is a measure of the random kinetic energy of the 
gas molecules. Hence, M? =u? /a? is a measure of 
the ratio of the kinetic energies of the directed 
and random flows of the gas molecules. 


3-3 GENERAL STEADY ONE-DIMENSIONAL 
FLOW 


The steady one-dimensional flow approxi- 
mation gives the simplest solutions to flow 


AMCP 706-285 


problems. The assumptions underlying the ap- 
proximation are presented in par. A-3; the A 
denotes Appendix A.* 


3-3.1 CONTINUITY EQUATION 


For a steady one-dimensional flow, the 
continuity equation is given by (see par. A-3.]1, 
Eq. A-45) 


p 7 tueo (3-16) 
The corresponding integral equation is 

J (pu)dA = d(puA) = 0 (3-17) 
Hence 
m = = = puA = constant (3-18) 


Eq. 3-18 states that if the flow is steady, the 
same mass rate of -flow crosses every cross- 
section of a one-dimensicnal flow passage. 


By definition, the mass velocity, also called 
the flow density, denoted by G, is given by 


G=pu=m/A (slug/sec-sq ft) (3-19) 


Logarithmic differentiation of Eq. 3+18, 
yields the following differential equation for a 


steady one-dimensional flow: 
GA do , du _ 5 (3-26) 
Ap U 


*The letter A preceding a paragraph, equation, table, or figure 
nun.ber indicates that the paragraph, equation, etc,,are located 
in Appendix A. 
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The values.of u and p in the equations for a 
steady one-dimensional flow are the effective 
mean values for the cross-sectional area A. 


3-3.2 MOMENTUM EQUATION 


3-3.2.1 GENERAL FORM OF MOMENTUM 
EQUATION 


The general form of the momentum equa- 
tion is given by Eq. 3-11 which for a steady flow 
and fluids of small density—such as a gas— 
reduces to 


R= f Panads [nas (oe small) (3-21) 
S S 


If there are no solid bodies immersed in the 
fluid, no body forces, and no friction, then 


fPnas+ ff Panga 0 (W = R= 0) (3-22) 
S 5 


~ where 


q= fluid velocity 


Gy = velocicy normal to the element dS of the 
control surface S 


P = static pressure 


mn = unit norma! to dS 


- 3-3.2.2 MOMENTUM EQUATION FOR 


STEADY, ONE-DIMENSIONAL, RE- 
VERSIBLE FLOW 


It is readily shown that for a steady, 
one-dimensional frictionless flow the momen- 
tum equation reduces to '*? 


udu + cod =0 (3-23) 


3-8 


Pe ee lee 


or 


udu + vdP=0 (3-24) 

Eq. 3-23 is a form of Euler's equation of 
motion and applies only to a reversible flow. To 
integrate Eq. 3-23 requires a relationship be- 
tween P and p. In integral form, Eq. 3-23 is 


dP 


uw? 
—+ —s constant (3-25) 
2 »p 


haa ENERGY EQUATION FOR STEADY 
ONE-DIMENSIONAL FLOW 


Figure 3-1] illustrates diagrammatically a 
stationary ‘control surface S enclosing the con- 
trol volume V in a region of a flowing fluid. 
According to the first law of thermodynamics, if 
6Q denotes the amount of heat added to the 
mass Of fluid instantaneously enclosed by S, and 
5W* denotes the amount of work done by the 


same mass of fluid on the surroundings in time 
dt, then 


ol aa (3-26) 


By convention 6Q is positive if heat ts 
transferred to the system, and 6W* is positive if 
the system does work on its surroundings. The 
notation signifies that 6Q and dW* are inexact 
differentials because Q and W are not prcverties 
of the system. The stored energy E is a property’, 
and dE is an exact differential! °°. 


Figure 3-2 illustrates schematically the con- 
ditions at an arbitary element GS of the control 
surface S if the flow is steady. In that case the 
stored energy associated with the fluid occu- 
pying the control volume V does not change 
with time. For a steady flow the integral form of 
the energy equation is! ‘2 


qq. 4 2 
§Q_oW. ff (n+> +82) and5 
dt dt 


(B/slug-sec) (3-27) 
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} Figure 3-1. Control Surface Enclosing a Region in a Flowing Fluid to Which Heat Is Added 
and Which Does Work on Its Surroundings 
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gS! 
(t=t,¢dt) 
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Figure 3-2. Element of a Control Surface Which Encloses a Region in a Flowing Fluid 


where 
5Q = the heat added to the fluid, B/slug 


SW = the shaft work done by the fluid, B/slug 


h=u+P/p=specific enthalpy of the fluid, 
B/slug 


u = specific internal energy of the fluid, B/slug 


Gn = qcosa = velocity of fluid normal to flow 
area dS, fps 


q = magnitude of velocity vector q, fps 


a= angle between normal to dS and the veloc- 
ity vector 


3-10 


Fig. 3-3 illustrates the application of Eq. 
3-27 to a one-dimensional flow (see Example 
A-3). 


34 STEADY ONE-DIMENSIONAL FLOW OF 
AN IDEAL GAS 


If the flowing medium is an ideal gas, the 
mathematical analysis of compressible media is 
greatly simplified. (see par. 3-2). 


3-4.1 CONTINUITY EQUATION 


The steady one-dimensional flow of a com- 
pressible medium is given by Eq. 3-18. For an 
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Figure 3-3. Energy Balance for a One-dimensional Steady Flow 
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ideal gas, the density p can be expressed in terms 
of the local flow Mach number M. Thus 


2 
| p=yP (%) (3-28) 


where 7 = Cy/cy = the specific heat ratio = 
constant. Combining Eqs. 3-18 and 3-28 yields 
the continuity equation for the steady one- 
dimensional flow of an ideal gas. Thus 


= si tLe 
in = APM t fa APM ix (slug/sec) (3-29) 


where A is the flow area, sq ft; P is the absolute 
Static pressure, psf; and m is the molecular 
weight of the gas. 


Eq. 3-29 gives the mass flow rate of an ideal 
gas crossing the area A with a flow Mach number 
equal to M. | 





3-4.2.1 MOMENTUM EQUATIONS FOR THE 
STEADY ONE-DIMENSIONAL FLOW 
OF AN IDEAL GAS 


The generai momentum equation for the 
steady one-dimensional flow of a compressible 
fluid is Eq. 3-25. 


ee en ee ee oem ee es 
. 


3-4.2.2 MOMENTUM EQUATION FOR A 
REVERSIBLE, STEADY, ONE- 
DIMENSIONAL FLOW 


From Eq. 3-23 one obtains 
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udu (2) dp 9 (3-30) 
def Pp 

But 

(7) = a?= (acoustic speed)? (3-31) 
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Hence 


dP du 
—+M? —= : 
D ee (3-32) 


The subscript s indicates an isentropic process 
(ds = 0). 


3-4.3 ENERGY EQUATION 


It ig shown in par. A-4.3 that the energy 
equation for the steady one-dimensional flow of 
a gas is given by 


5Q —- 5W=dh+ a(5) (3-33) 


In Eq. 3-33 the heat added to the fluid 
5Q includes the heat transferred through the 
walls to the fluid plus that transferred to the 
fluid by bodies immersed within it. 


34.3.1 ENERGY EQUATION FOR A SIMPLE 
ADIABATIC FLOW 


A simple adiabatic flow is characterized by 
the following: 


5Q = 0; dW = 0; dz = 0; ds > 0 (3-34) 


The flow of a gas through such passages of a 
jet propulsion engine as a diffuser, duct, nozzle, 
etc., may be assumed to be a simple adiabatic 
flow, and the corresponding energy equation is 


dh +d (")- 0 | (3-35) 


Eq. 3-35 applies to both reversible (ds=0) 
and irreversible flows (ds>O). Integrating be- 
tween any two cross-sections of 2 flow passage, 
denoted by the subscripts I and 2, yields 


u2 u? 
h -~ =h + oI = constant (3-36) 
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3-4.3.2 ENERGY EQUATION FOR THE 
‘SIMPLE ADIABATIC FLOW OF AN 
IDEAL GAS 


The simple adiabatic flow of an ideal gas is 
characterized by the following: 


5Q = 0; dW = 0; gdz = 0; c, = yR/(7 — 1): 


cy = R/(y — 1); dh = c,dT; a’ = yP/p = yRT; 


and y = Cp/Cy (3-377) 
For an ideal gas Eq. 3-35 becomes 
c,dT +d é = 0 (3-38) 
Sinilarly, Eq. 3-36 becomes 
u? u2 
c.T. +— =cT, + — =constant (3-39) 
piv a) “Spr2" 3 
Let M, = u,/a, and M, = u,/a,, and 


substituting for c, from Eq. 3-37 into Eq. 3-39, 
yields the following equations: 


y-!1 - y-1 
ag (1s mi)ea (1475*) 


= constant + (3-40) 
or 
2 2 2 2 
us a u a 
—. + —i = _2 + —t. = 
2 I 2 * yA] constant (3-41) 
and 


1-1, 41+ se fi-() |} own 


Eqs. 3-38 through 3-442 are different forms 


of the energy equation for the steady one-— 


‘dimensional flow of an ideal gas. 
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Refer to Eq. 3-42. A flow process for which 
the gas velocity u, > u, is called a flow 
expansion and the flow passage for achieving the 
expansion is termed either a nozzle or an 
effuser. Conversely, a passage which causes a 
flow compression, one in which the velocity 
u, <u,, is called a diffuser. 


3-5 STEADY ONE-DIMENSIONAL ISEN- 
TROPIC FLOW 


In general, a steady one-dimensional 
isentropic flow is characterized by the fol- 
lowing: 


-8Q = 6W = dm = dz = ds = 0 (e., no friction) 


(3-43) 


The assumption of isentropicity is valid in 
those regions of a flow field where the velocity 
gradients perpendicular to the direction of flow 
are negligible, i.e., to the regions of an adiabatic 
flow field that are external to boundary layers. 
According to boundary layer theory all fric- 
tional effects in a flowing fluid are confined to 
the boundary layers adjacent to the surfaces 
wetted by the flowing fluid, wherein the veloc- 
ity gradients are large. Consequently, the fluid in 


‘the regions external to the boundary layers may 


be assumed to be a perfect fluid, ie., a fluid 
characterized by the following two properties: 


(a) It possesses bulk elasticity so that K # 0. 


(b) It has no rigidity so that the shear 
modulus N is equal to zero; Le., it is 
inviscid. 


If an ideal gas undergoes an isentropic 
change of state, then 


Pv” = constant (3-44) 
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where the superscript prime ' attached toT, 
indicates that the change of state from state 1 to 
state 2 is accomplished by an isentropic process. 


(3-45) 


The assumption of isentropicity is realistic 
for subsonic and supersonic flows when the 
isentropic conditions are closely approximated. 
It should be noted, however, an adiabatic 
diffusion of a compressible fluid may be as- 
sumed to be isentropic-when 5Q =~ O and 
friction is negligible—only if the flow is subsonic 
throughout. 


If a supersonic compressible fluid is being 
diffused the flow may be assumed to be 
isentropic— when 6Q = 0O and friction is 
negligible—only if no shock waves are produced 
in the flow field. Shock waves increase the 
entropy of the flowing fluid. Consequently, even 
though the flow is adiabatic and frictionless in 
front of and in back of askock wave, which isa 
discontinuity in the flow, a flow in which 
shock waves are present cannot be an isentropic 
flow. 


3-5.1 ENERGY EQUATION FOR THE 
STEADY ONE-DIMENSIONAL _ISEN- 
TROPIC FLOW OF AN IDEAL GAS 


The differential forms of the energy 
equation —i.e., Eqs. 3-35 and 3-38—apply to 
either a simple adiabatic or an isentropic steady 
one-dimensional flow. The latter equations do 
not indicate explicitly the effect of any irre- 
versibility which may be present upon the flow 
parameters. To distinguish an isentropic flow 
from a simple adiabatic flow, the upper limit of 
the integration of Eq. 3-35 (and Eq. 3-38) will 
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be denoted hy 2’ for an isentropic flow, and by 2 
for an adiabatic flow. Hence 


(a) Simple adiabatic flow 
(5Q = 5W = dm = dz = 0; ds > 0) 
In general 


2 2 
j dh + j udu = constant 
1 } 
so that 


u; u? 
h, + ry =h, + 7 = constant (3-46) 


Ifh, <h,, thenu, > u, and the processes 
is a flow expansion. Hence, the specific enthalpy 
change for asimple adiabatic flow expansion, 
denoted by Ah, =h, —h,, is given by 


if 
Ah, = 3" —- u*) (B/slug) 
For a simple adiabatic flow compression, 
h, > h, and u,<u, , the corresponding change in 


the specific enthalpy of the fluid is denoted by 
Ah, =h, — Nh, , so that 


Ah, =< (ui _ us ) (B/slug) (3-47) 


The corresponding equations for an 


isentropic flow are presented below. 
(b) Isentropic flow 


(8Q = 8W = dm = dz = ds= 0) 


(3-48) 
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Ahi=h —h’ =1 (ut)? — 2 Eq. 3-52 is the energy equation for the 

t u., u 3-49 
; z al 2 1] ( ) steady one-dimensional flow of an ideal gas 


under either adiabatic or isentropic conditions. 


+8 Ahi=h! ~h et ryt yyy : 
<i co Ay 2 Lu; —(u,)?) dicle According to Eq. 3-52 the total or stagna- 
Figs. 3-4(A) and 3-4(B) compare the simple 40" temperature of an ideal gas remains con- 
adiabatic and the isentropic flow expansion and _Sfant_ along its flow path for either a simple 
compression processes on the hs-plane. adiabatic or an isentropic flow. Such a flow is 
said to be isoenergetic. 





3-5.2 STAGNATION (OR TOTAL) CONDI- 
TIONS From Eq. 3-42, if u, = 0 the corresponding 


value of T, is the stagnation or total vemper- 


Consider the integrated form of the energy ature T°. Hence 


equation for the steady, one-dimensional, 


adiabatic flow between sections | and 2 of a TO y—-1. » | 

flow passage i.e., Eq. 3-46 a 1 a M? (3-53) ; | 

‘a 2 : . 

it h_ ++ =h, + — = constant 6 7 
oo 2 2 The total temperature T° may be conceived 
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to be the temperature of the gas contained by an : 
infinite reservoir from which it flows adia- : 
batically to the actual gas velocity u. The 


The above equation applies to both isen- 
tropic and irreversible adiabatic flows. 


—_ ae 


a 3-5.2.1 STAGNATION (OR TOTAL) EN- corresponding value of the static pressure inside 
THALPY (h° ) that infinite reservoir is termed either the { 
stagnation pressure or the total pressure, and 1s 


wd —eecll 


Assume that the flowing fluid is decelerated denoted by P®. 


— isentropically to zero flow velocity (i.e., u, = 0). 


By definition 
3-5.2.3 STAGNATION (OR TOTAL) PRES- 


; v2 SURE (P”) 
hY’= h+ — =constant = stagnation | 
thal (3-51) 
enthalpy The density of the gas in the aforementioned 
. infinite reservoir is termed the stagnation or : 

Eq. 3-51 applies to both reversible (isen- soyg/ density, and is denoted by p° For a 
tropic) and irreversible steady one-dimensional thermally perfect gas 
adiabatic flows. 





3-5.2.2 STAGNATION(OR TOTAL) TEMPER- p%=p)°T°R (3-54) 
ATURE(T®) 
i If the flowing fluid is an ideal gas (see par. For the isentropic flow of an ideal gas, one 
: 3-2.3), then from Eqs. +9 and 3-5i one obtains Obtains from Eq. 3-44 
0 po ro\y1 
T ue 1 
moO —— =e [ + eink & — = —— 

> TdT . i a & ) (3-55) 
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Figure 3-4. Comparison of Adiabatic and Isentropic Flow Processes on the hs-plane 
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Combining Eqs, 3-53 and 3-55, yields 
i 
—] paar, 
- = [ ] fr m2}? (isentropic) (3-56) 


It should be noted that the total pressure Pp 
for a flow can always be calculated by merely 
assuming that it is accelerated isentropically 
from an infinite reservoir to the actual values of 
P and M. 


3-5.2.4 RELATIONSHIP BETWEEN STAG- 
NATION PRESSURE AND ENTROPY 


It is shown in par. A-5.2.4 that the entropy 
change for an ideal gas is related to T° and P® by 


m nen ; 
ss=ega in| =|} >0 (3-57) 


For a real isoenergetic flow (T° = constant), 
since ds > 0, the total pressure P° must decrease 
in the direction of flow. If the flow is isentropic, 
however, ds = 0 and Eq. 3-57 shows that P° 
remains constant. In other words, the decrease 
in the stagnation pressure of the gas may be 
regarded as a measure of the increase in the 
specific entropy of the gas. 


For an irreversible simple adiabatic flow 
process (see par. A-5.2.4) 


4s=s, -s, =R in_(PP/P2) >0 (3-58) 
Or 
~ =e ~ 43/R (3-59) 
P, 


If heat is transferred to a flowing gas or if 
the gas performs external work, there cannot be 


a conservation of the total pressure. The heat 


, 
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added to a compressible fluid causes the total 
pressure to decrease even if the heating process 
is reversible. If the heating process is irreversible 
the decrease in the total pressure is larger than it 
would be for a corresponding reversible heat- 
exchange process. 


3-§.2.5 STAGNATION (OR TOTAL) DEN- 
SITY (»°) 


From Eqs. 3-53 and 3-54 one obtains the 


following relationship between the zotal density, 
denoted by p°, and the flow Mach number M. 


fa = | + y-1 | a 

: 1 ( 5 M (3-60) 

3-5.2.6 STAGNATION (OR TOTAL) ACOUS- 
TIC SPEED (a°%) 


From par. A-5.2.6, the stagnation acoustic 
speed in an ideal gas, denoted by 2, is given by 


a= /yP/p9 = ARTO (3-61) 


where, as before, the gas constant R = R,/im. 
Hence | 


ary’ _ TO fr) ag 
(©) = Fai) M (3-62) 


3-5.3 ISENTROPIC EXHAUST VELOCITY 


Let a flowing gas, having the stagnation 
enthalpy h®°, expand isentropically to the static 
specific enthalpy h’. The velocity of the gas 
corresponding to that expansion is termed the 
isentropic exhaust velocity and is denoted by u. 
Thus 


a= hh’) =/2An! (3-63) 
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Let 


= expansion factor (3-64) 


a° = /yR,Tm= total acoustic speed (3-65) 


4 


Then, the isentropic exhaust velocity is given by 


u =a? f = Z, (3-66) 


In terms of the flow Mach number M 
(combining Eqs. 3-13, 3-14, and 3-53) one 
obtains _— : 


u=M iRT (3-67) 
vit (3) 


3-5.4 CRITICAL CONDITIONS FOR THE 
STEADY, ONE-DIMENSIONAL ISEN- 
TROPIC FLOW OF AN IDEAL GAS 


3-5.4.1 DEFINITION OF CRITICAL AREA 


AND CRITICAL ACOUSTIC SPEED 


Assume an ideai gas flows isentropically out 
of an infinite reservoir wherein u = 0, T = T°, 
P = P° and p = p®. The gas flows in a variable 
area one-dimensional adiabatic frictionless duct 
as illustrated schematically in Fig. 3-5. Ata 
particular cross-sectional area of the duct, the 
gas velocity u is equal to the local acoustic speed 
a; i.e., M = u/a = 1 (see par. A-6). 


The cross-sectional area where M=1, called 
the critical area, is denoted by A*. The value of 
the acoustic speed a in A®*, called the critical 
acoustic speed, is denoted by a*; i.e., u = u* = 
a*. 

3-18 


3-5.4.22 CRITICAL THERMODYNAMIC PROP- 
ERTIES FOR THE STEADY, ONE- 
DIMENSIONAL, ISENTROPIC FLOW 
OF AN IDEAL GAS 


From par. A-6.1 one obtains the following 
relationships for the critical flaw parameters: 


(a) Critical speed of sound (2*) 


a= AP" /p* = /AyRT® (3-68) 


(b) Critical static temperature ratio (T* /T°) 


= a 9 
= ~ os (3-69) 


“al 


(c) Critical expansion ratio (P* [P°) 


Y 


pe _(T\ 7 72 a 
po \7o} ~ ea (3-70) 


(¢) Critical density ratio (p* /p°) 


x O % y=1 
ee yee gest (3-71) 


where v denotes the specific volume of 
the gas, cu ft/slug 


(e) Dimensionless velocity (M*? ) 


It is readily shown that (see par. A-6.1 5) 
y+1 M2 
Z 
iy — I 
1+ (%72)\ 
Cz) 


where a* is given by Eq. 3-68. 
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2 = a9 =a"; (M2 = 1) 





2é——~A = A* = critical area 
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isentropic flow p= pt 
Expansion 





Figure 3-5. Isentropic Flow Expansion of a Gas to the Critical Condition (u=a*) 
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3°5.5 CONTINUITY EQUATIONS FOR 
STEADY ONE-DIMENSIONAL, 
ISENTROPIC FLOW OF AN IDEAL 
GAS 


In general, the continuity equation for a 
Steady one-dimensional flow is given by Eq. 
3-18, which is repeated here for convenience. 
Thus 
m = puA = constant 

If the flowing fluid is an ideal gas and the 


flow is isentropic, the last equation may be 
rewritten as follows: 


m = puA = p* u® A* (3-73) 


where A® denotes the critical flow area (where 
u=a*), By definition 


G=m/A = flow density or mass velocity (3-74) 


3-5.5.1 CRITICAL AREA RATIO (A/A*®) 


From Eqs. 3-73 and 3-74, for a given flow 


_ passage, the critical area ratio A/A® is given by 


(3-75) 


where G* denotes the critical flow density; i.e., 
G* = m*/A*, m= m®* where A= A*®. 


3-5.5.2 CRITICAL AREA RATIO IN TERMS 
OF THE FLOW EXPANSION RATIO 
(P/P°) 


For a given stagnation pressure P° and static 
pressure P, the ratio P/P® is termed the expan- 
sion ratio. From par. A-6.3 
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(3-76) 


7-1 
2 
(a) - 
-/0a 
(£) yet 1 =f P ae 
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3-§.5.3 CRITICAL AREA RATIO IN TERMS 








OF THE FLOW MACH NUMBER 
+1 
+y—1 . 2(y-1) 
+ | 2 * 
ee 
A= M +1 (3-77) 
2 
and 
2 
ain M2 
M2 = an (3-78) 
fy yaar 2 
; (i) M 


The dimensionless velocity M® is propor- 
tional to the flow speed u of the ideal gas, while 
the Mach number M is not; a® = f(7) = constant, 
while a = £(T). 


3-5.6 REFERENCE SPEEDS (a°), (a*), AND 
(co) 


The following reference speeds are charac- 
teristics for a given flow of an ideal gas: 


(a) Stagnation acoustic speed (a°) 
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_ _ L+i - 2 
a°=, /yRT Tr. =C, oar (3-79) 


(b) Maximum isentropic speed (c,) 


The maximum isentropic speed is defined in 
par. A-S.5, it is related to a° and a*. Thus 


2 y+} 
= 90 saat / LS 
Cy =a 3 ; a oom : 


3-5.6.1 CONTINUITY EQUATIONS IN 
TERMS OF STAGNATION CONDI- 
TIONS 


(3-80) 


Eq. 3-29 gives the mass rate of flow of gas 
for a steady one-dimensional flow, where A 
is the cross-sectional area where the flow is 
measured, and M is the Mach number in A. Thus 


mo 
m=APM,/ RT 


In terms of the stagnation temperature T° 
and stagnation pressure P®, the last equation (see 
par. A-5.6) becomes 


The last equation can be transformed to read 
(see par. A-5.6) 


ie orgy = ee een ee ——_— or ——— 


where 


a\/ yRTO 


3-5.6.2 CRITICAL MASS FLOW DENSITY 
(G*) 


For a given ideal gas and stagnation con- 
ditions the flow density becomes a maximum 
where M=1, that flow density is called the 
critical flow density and is denoted by G*® (see 
par. A-7). Thus 


G* = m*/A* = C (3) (3-83) 
where, as before, 
a? =/ yRT° 

Eq. 3-83 applies to the steady one- 


dimensional isentropic flow of an ideai gas. 


3-5.7 TABLES OF ISENTROPIC FLOW 
FUNCTIONS FOR IDEAL GASES 


Table 3-2 is a summary table giving the 
equations for calculating u, /u,,P, /P, , p,/p, + 
T,/T,, and A, /A, for the steady, one-dimensional 
isentropic flow of an ideal gas between stations 
1 and 2 of a flow channel.* 


Table 3-3 lists the equations employed for 
calculating the values of M*, P/P®°, p/p°, T/T®, 
A/A*, and F/F®* presented in Table A-]. The 
latter table presents the values of those isen- 


tropic flow functions as functions of M, with 7 


as a parameter. 


*since T° = 7 [1 +(7— )M?] applies to all eneegotic hows, 


the equation for T/T? in Table A-1 applies to both isentropic 
and adiabatic stcady one-dimensional flows. 
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TABLE 3-2 TABLE 3-3 
INTEGRAL EQUATIONS FOR ISENTROPIC ISENTROPIC FUNCTIONS FOR THE : 
FLOW FUNCTIONS APPLIED TO TWO FLOW OF IDEAL GASES | 


ARBITRARY CROSS-SECTIONS OF 
FLOW CHANNEL 
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The impulse function is discussed in pars. 
A-3.2.] and A-6.5. Fora perfect gas 
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3-6 STEADY ONE-DIMENSIONAL ADIA- 
BATIC FLOW IN A CONSTANT AREA 
DUCT WITH WALL FRICTION (FANNO 
FLOW) 


The adiabatic flow of a compressible fluid in 
a constant area duct is characterized by the 
following conditions: 
&Q = SW = dm = dy = dm = D/A = dA/A =0 


ds #0, and f # 0 (3-84) 





u? 4dx 
2D 


where D the hydraulic diameter of the duct, dx 
is an element of the duct length, A is the area of 
the duct, D is the drag of bodies immersed in the 
fluid, and f is the friction coefficient for the duct. 


3-6.1 FRICTION COEFFICIENT (f) 


If r denotes the wall shearing stress, then 
(see par A-8.1.1) 





(3-85) 


Experiments show that 


f= f(Re, €/i) (3-86) 


where € denotes the roughness of the wall sur- 
face. 


3-6.2 PRINCIPAL EQUATIONS FOR FANNO 
FLOW 


The continuity, momentum, and _ energy 
equations are as follows: 


(a) Continuity 


G=m/A= pu (3-87) 


Te 
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(b) Momentum 


dp ,du? _. u?4dx _ 
ae, sage ec eee 
x 5 sD 0 (3-88) 
(c) Energy 
h°=h+"— = constant (3-89) 
Zz 


3-6.3 FANNO LINE EQUATION 


From Eqs. 3-84 and 3-86 one obtains 


h, + 1(Gv,)? = h+3 (Gv)?=constant (3-90) 


Eq. 3-90 is called the Fanno line equation. It 
relates the local values of h and p = 1/v for 
different specified initial values of h, and p, = 
I/v,. Figure 3-6 illustrates schematically a 
Fanno line, for a specified G=m/A, plotted in 
the hs-plane. 


A Fanno line is the locus of the thermo- 
dynamic states for a compressible fluid flowing 
adiabatically (h° = constant) in a constant area 
duct in the presence of wall friction alone. A 
Fanno flow has the following characteristics: 


(a) The stagnation enthalpy h® remains 
constant. 


(b) Each value of G=m/A—for the same 
initial values of h, and p, = 1/v, —gives 
rise to a separate Fanno line, as il- 
lustrated in Fig. 3-7. 


(c) If the initial conditions (h,, 9,= 1/v,) 
are held constant, all Fanno lines for 
those initial conditions intersect at h, , 


py. 


(d) The length of constant area duct, de- 
noted by L, for accomplishing a speci- 
fied change in the thermodynamic state 
of the fluid depends upon 
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| Figure 3-6. A Fanno Line Plotted in the hs-plane 
(i) the friction coefficient f, and (f) The lower branch of a Fanno line, that 
: lying to the left of the state cor- 
| (ii) the entropy gradient ds/dx. responding to s = s,,,, (see Fig. 3-6), 
| | cannot be reached by a continuous flow . 
| (e) The path of a compressible fluid along a process starting from the upper branch. : 
| Fanno line is always in the direction of The lower branch represents the locus of ; 
| increasing entropy, so that the second the thermodynamic states for the . 4 
: law of thermodynamics will be satisfied. flowing compressible fluid starting at ; ' 
{ 
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values of h, s, and P which are smaller 
than those corresponding to s = Sax: 
Such a process is a supersonic flow 
compression (diffusion). 


Friction and drag effects alone are responsible 
for the change in the thermodynamic state of 
the fluid as it flows through the constant area 
duct. Because the adiabatic is irreversible, the 
entropy of the fluid must increase in the 
direction of flow. Consequently the direction of 
flow along a Fanno line must always be that 
which leads to s Smax: Phe velocity of the 
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Figure 3-7. Comparison of Fanno Lines for Two Different Values of the Flow Density (G=m/A) 





fluid when s = Smax 1S equal to the local acoustic 
speed, i.€., u=u* = a*. Hence, Smax = 8*. 

The acoustic speed a* for a Fanno line 
should not be confused with the critical acoustic 
speed a* for an isentropic flow (see par. 
A-6.1.1). The asterisk attached to a symbol — 
such as a, u, P, T, etc. — merely denotes the 
value of the pertinent quantity when M = 1 for 
the flow process under consideration. 


The following conclusions are applicable to a 
Fanno flow: 
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(1) If the flow is subsonic (M < 1), then: 


(a) u and M increase in the direction of 
flow, and 


(b) simultaneously h and P decrease. 
(2) If the flow is supersonic (M > 1), then: 


(a) u and M decrease in the direction of 
flow, and 


(b) simultaneously h and P increase. 


(3) A subsonic Fanno flow cannot be trans- 
formed into a supersonic flow; it can 
only approach a sonic flow (M=1), as a 
limit. 


(4) A supersonic Fanno flow cannot be 
transformed by a continuous process 
into a subsonic flow; it can only be 
reduced to a sonic flow (M=1) as a limit. 
For a supersonic flow to be transformed 
into a subsonic flow some form of 
discontinuity in the flow, such as a 
compression shock, must occur. 


(5) There is a definite length of the duct, 

- denoted by L*, that causes the flow 
Mach number to become unity. When 
M=1 the flow is said to be choked. 


(6) Reducing the static pressure of the sur- 
roundings, denoted by P®, into which 
the flow from the duct is discharged to 
a value P° < P* has no effect upon 
the fluid flowing inside the duct when 
Usyit = u* = a*; a small pressure distur- 
bance cannot be propagated into the 
core of the flow. 


(7) When Poyig = P*, the expansion of the 
fluid from P* to P, takes place beyond 
the exit section of the duct. 
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(8) Because the entropy of the fluid in- 
creases in the direction of flow, due to 
the wall friction, the stagnation pressure 
P© decreases in the direction of flow. 


3-6.4 FANNO FLOW WITH IDEAL GASES 
3-6.4.1 PRINCIPAL EQUATIONS 


The following principal equations govern the 
Fanno flow of an ideal gas (see par. A-8.3) 


(a) Continuity 


G =m/A = pu = PM. A/RT =constant (3-91) 


(b) Momentum 


= 2 
tM pee |) <0 (3-92) 


2(1—M?) 


(c) Energy 
¢,dT° = CydT + a() =0 (3-93) 


(d) Equation of state 


P = pRT or dF. do, aT (3-94) 
P p T 
(e) Mach number 
dM? du? dT du-sdaT 
—— = — — FH 2u — - 3-95 
M2 uw? T ” u T aia 


(f) Zmpulse function 


dF _aP ,(yM?_ dM* 3-9 
FP (t+ yee) ne 220) 


Eqs. 3-91 through 3-96 form a system of 
linear equations relating the dependent variables 
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dM?/M?, du/u, etc., with the flow Mach number 
M and the friction parameter 4fdx/D. 


3-6.4.2 CRITICAL DUCT LENGTH FOR THE 
FANNO FLOW OF AN IDEAL GAS 


Let f denote the mean value of the friction 
coefficient for the duct length Ax=L* — L; x=L 
where M=M and x=L* where M=1. From par. 
A-8.3.2, the critical length L* is given by 


(5) 
a (3-97) 
7~- 
+{ —— |] M? 
“(E) 
3-6.4.3 DUCT LENGTH FOR A SPECIFIED 
CHANGE IN MACH NUMBER 


Fig. 3-8 illustrates schematically the physical 
determining the duct length 
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required to change the flow Mach number from 
M, to M, (see par. A-8.3.3). 


It can be shown that 


By means of Eq. 3-98 one can compute the 
length of duct L, of hydraulic diameter D, 
having the mean friction coefficient f, for 
changing M, to M, when the flowing gas has a 
specific heat ratio of +. 


& 
4f7L US =( we. ( afr) 
2 


Figure 3-8. Determination of Duct Length To Accomplish a Specified Change 
in Flow Mach Number (Fanno Line) 
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From the equations of the entropy gradient 
ds/dx and the Mach number gradient dM/dx for 
the Fanno flow of an ideal gas (see pars. A-8.3.5 
and A-8.3.6) one obtains the characteristics of 
the Fanno flow. 


3-6.4.4 GENERAL CHARACTERISTICS OF 
THE FANNO FLOW OF AN_ IDEAL 
GAS 


(1) If the flow is initially subsonic (M < 1), 
the effect of wall friction is to increase 
the Mach number in the direction of 
flow. — | 


(2) If the flow is initially supersonic (M > 
1), the effect of wall friction is to 
decrease the Mach number in the direc- 
tion of-flow. 


(3) Regardless of whether the initial flow is 
either subsonic or supersonic at a given 
cross-section of the constant area duct, 
the flow Mach number approaches the 
value M=1 as a limiting value. When the 

_flow Mach number attains the value M=1 
the flow is said to be choked, and that 
the condition (M=1) corresponds to the 
thermodynamic state where the specific 
entropy of the fluid is a maximum (see 
par. A-8,3.6). 


3-6.5 EQUATIONS FOR COMPILING 
TABLES FOR FANNO FLOW FUNC- 


TIONS, FOR IDEAL GASES 


For calculation purposes it is convenient to 
employ the flow condition where M=1 as a 
reference condition, which condition is denoted 
by attaching a superscript asterisk (*) to the 
pertinent variables. Since the variables P/P*, 
po /P°*, T/T*, etc., are functions of M and ¥, 
tables for the preceding variables as functions of 
M for different values of y are readily computed. 
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Table 3-4 presents the equations employed for 
calculating Table A-2 (Compressible Flow Func- 
tions for Fanno Flow). 


TABLE 3-4 
EQUATIONS FOR COMPUTING FANNO FLOW 
FUNCTIONS FOR IDEAL GASES 


(Conditions: Adiabatic flow in a constant area 


duct in the presence of only wail 


friction.) 
ee A oe 
* = 
™ 4 f+") mt 
| 
Pp. (y+1)/2 2 
p* 


1 
M y—l 
1+{ ——)™? 
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EXAMPLE 3-1. 


Compute L/D as a function of the initial 
Mach number M, for air (y = 1.40), to cause 
choking in a smooth constant area duct. As 
sume air is an ideal gas, and that the average 
value of the friction coefficient is f = 0.0025. 


SOLUTION. 


From Table A-2, for M, =0.2, 4fL*/D= 14.553 


14.53 


H De a 
ence L/ 40.0025) 


= 1453 
—- © 


In a similar manner one obtains the results 
presented below 


M, 4fL*/D 


L/D PO/po* pos po 


@) co co oo 0 

0.2 14.53 1,453 2.96 0.338 
0.4 2,31 231 1.59 0.629 
06 0.491 49.1 1.19 O28 °d 
0.8 0.072 7.2 1.038 0.963 
10 060OO 0 1.00 1.000 
15 60.136 13.6 1.176 0.850 
2.0 0.305 30.5 1.688 0.592 
4.0 0.633 63.3. 10.72 0.924 

10.0 0.787 78.7 $35.9 0018 

0 = =— (0.821 82.1 0° oo 


The results tabulated in Example 3-1 show that 
for a purely supersonic flow (M>I) the max- 
imum value of L/D is limited by choking to 
L/D=82.1 irrespective of the value of M, (based 
on y=1.4 and f=0.0025). 
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3-7 STEADY ONE-DIMTFNSIONAL FRIC- 
TIONLESS FLOW IN A CONSTANT 
AREA DUCT WITH STAGNATION TEM- 
PERATURE CHANGE (RAYLEIGH 
FLOW) 


A Rayleigh flow is defined as one which is 
steady, one-dimensional, frictionless, takes place 
in a duct of constant area, and is accompanied 
by a change in stagnation enthalpy (dh°+ 0). 
Such a flow is characterized by the following: 


SW = 5F¢ = dm/m = dA/A= 0 (6Q #0) (3-99) 


In general, a flow which is accompanied by 
heat transfer to (or from) the flowing fluid is 
called a diabatic flow. A flow characterized by 
Eq. 3-99 is termed either a Rayleigh flow or a 
simmple diabatic flow (see par. A-9). 


For a Rayleigh flow, all changes in the 
Stagnation enthalpy of the flowing fluid are due 
to heat transfer to (or from) the fluid. Conse- 
quently, the analytical results pertinent to a 
Rayleigh flow are limited to the following: 


(a) simple diabatic flows for which the 


effect of heat transfer overwhelms any 


| ~ effects due to fuid frictions, and 


(b) flows where. the heat transfer process is 
confined to such a short length of the 
duct that the effects of friction may be 
ignored. 


Fig. 3-9 illustrates the manner in which the _ 


flow parameters for a Fanno flow vary with the 
initial flow Mach number, for an ideal gas with 
y=1.40. 


3-7.1 PRINCIPAL EQUATIONS FOR A 
RAYLEIGH FLOW 


Fig. 3-10 illustrates schematically the nhys- 
ical situation governing a Rayleigh flow. The 
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Figure 3-9. Fiow Parameters for a Fanno Line fora Gas with y = 1.40 
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| A dx 
poe Gf 3-6 
7 «ab 
. (1) Q (2) 

| h 1 1*2 ho 
it " "2 
a 51 (T*e Te) Me 
ig 1 2 . 
' 6Q #0 
| 
an 7 Control surface 
t 
| 
7 | 
| | 
Eo one U : u+tdu' 
, | 
i . P { | ; 
| | 
| | 
‘ Le eee ee ee J 
: —_— ax _— 
7 
f Figure 3-10, Physical Situation for a Rayleigh Flow 
— following principal equations apply (see par. (d) Rayleigh line equation 
: iat Combining Eqs. 3-100 and 3-101, one 
a obtains 
(a) Continuity 
u=G/p (3-100) P, +Gu, =P, +Gu, = constant (3-103) 
|}: 
! 
| (b) Momentum Introducing the impulse function F (see Eq. 
; A-56), one obtains 
dP 
| 7 udu = 0 (3-101) 
| F=PA +mu=P+Gu (3-104) 
4 (c) Energy 
| _ Combining Eqs. 3-100 and 3-1C_, yields 
° us u’ 
; = « h,+—+,Q =ht+t > (3-102) 
| Fatih ts p—P, =G? faery nl (v,—¥,) (3-105) 
| Py, Py 


where ,Q, is the heat added per unit 


mass of fluid between Station I and 2. where v = 1/p = the specific volume of the fluid. 
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Since G is a constant, Eq. 3-105 is the 
equation of a straight line drawn in the Pvy-plane, 
and that line is the locus of the thermodynamic 
states for the fluid for a constant value of the 
flow density G, as illustrated in Fig. 3-11. 


A curve which is the locus of the thermo- 
dynamic states of a fluid, for a Rayleigh flow, is 
called a Rayleigh line. 


3-7.2 RAYLEIGH LINE 
3-7.2.1 GENERAL CHARACTERISTICS 


Fig. 3-11 illustrates 2 Rayleigh line plotted 
in the Pv-plane, and Fig. 3-12 illustrates a 
Rayleigh line plotted in the hs-¢or Ts-)plane. 


Refer to Fig. 3-11. A Rayleigh line in the 
Pv-plane is a straight line having a negative slope. 
Thus : 


(3-106) 


Each value of G corresponds to a different 
Rayleigh line. Lines of constant enthalpy are 
also illustrated schematically in Fig. 3-11, and 
one inay conclide from Fig. 3-11 as follows: 


(a) Increasing h for the fluid, from h, toh., 
causes its density p and its static pressure 
P to decrease. 


(b) Decreasing h, from h, to h,<h, by 
cooling the fluid, increases both p and P. 


Refer to Fig. 3-12. It is evident that a 
Rayleigh line plotted in the hs-plane has two 
branches. As in the case of the Fanno line, each 
branch corresponds to a different type of flow. 
The upper branch is the locus of the thermo- 
dynamic states attainable hy a subsonic flow 
(M<1) by heating the fluid from an initial state 
(such as state 1!) having a value of specific 
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entropy smaller than = g*; the state cor- 
responding to s® is termed the thermal choking 
state. 


The lower branch of the Rayleigh line (see 
Fig. 3-12) is the locus of the thermodynamic 
states which are attainable by heating a super- 
sonic flow (M>1) from an initial state, such as 
state 2, where s <s® to s*. 


Hence, heating a compressible fluid flowing 
in a frictionless constant area duct accelerates 
the fluid toward M=1, as a limit, if the flow is 
subsonic, but decelerates to M=I, as a limit, if 
the initial flow is supersonic. 


3-7.2.2 CHARACTERISTICS OF THE 
RAYLEIGH LINE FOR THE FLOW 
OF AN IDEAL GAS 


If the flowing fluid is an ideal gas, the 
Rayleigh line has the following characteristics: 


(a) If the initial flow is subsonic, heating it 
results in an increase in the Mach 
number and a decreasc in the static of 
the fluid; the drop in the static pressure 
is due to the rate of change in the 
momentum of the fluid, and it ts called 
the momentum pressure loss. 


(b) Heating the gas in the subsonic flow 
range causes its temperature to increase 
until a maximum value of T is reached 


when M = 1A/7. 


(c) Heating the gas in the subsonic flow 
range wil! cause the flow to become 
thermally choked, when M=1, unless the 
initial conditions are altered 


(d) Increasing the initial) Mach number of © 


the gas, in the subsonic flow range, 
reduces the amount of static enthalpy 
which can be added to the flowing gas. 
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Figure 3-12. Rayleigh Line Plotted in the hs-(or Ts-} plane 


(e) Heating the flowing gas in the supersonic Then for the Rayleigh flow of an ideal gas 
flow range causes the Mach number to 
decrease and the static pressure to in- (a) Impulse function per unit area (F/A) 
crease. The flow becomes thermally 
choked when M=1 if the initial con 


F/A =P (1 + ~M?)= constant (3-107) 
ditions are not altered. 
3-7.3 RAYLEIGH FLOW EQUATIONS FOR (b) Static pressure ratio (P/F, ) 
IDEAL GASES 
Let the subscripts | and 2 refer to two _ ‘ ; 
stations in a frictionless constant area~-duct. P,/P, = (1 + Mi; ) i ( 1 +M;) (3-108) 
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(c) Density ratio (p, /p,) 





P,/p, =u, /u, 


= M? (1 +-yM?) / [Ma +yM? ) (3-109) 


$ 
ead 


(d) Static temperature ratio (T, /T,) 
; 
: | i T/T, = (P,M,)*/(P,M}) 


= (M,/M,)%1+yM?)4(1 +yM2)? (3-110) 


(e) Stagnation temperature ratio (T;/T?) 


meee oe (3-111) 
TP  [M, (1-+yM?) 


, = 
- {> Mi 


. 0 0 
(f) Stagnation pressure ratio (P, /P;) 


nt 
_ —] 2 
| hs iz (1+yM} | i) "7 


”, vo eR Re ee we ve 





-_ 1 , mot 
i - ei 
1 + 1M? I (5 M) 
: t+yM2/ 11 ( M? 





2 = 
7 y= 
M al/ ] + yM? : 
: = |" \ii, (3-113) 
: 1 1+yM; 
| [rene / 
2 It is seen from Eq. 3-111 that the Mach 
- number M, for the Rayleigh flow of an ideal gas 
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depends upon the initial flow Mach number M, 
and the stagnation temperature ratio TO/T®. Eq. 
3-112 shows that the stagnation pressure ratio 
P2/P° depends upon the change in Mach number 
from M, toM,. 


3-7.4 EQUATIONS FOR TABLES OF RAY- 
LEIGH FLOW FUNCTIONS FOR IDEAL 
GASES 


For calculation purposes it is desirable to 


relate the flow parameters for the Rayleigh flow 
of an ideal gas to a reference state. As was done 
for Fanno flow, the reference state for a 
Rayleigh flow is that corresponding to M=1. 
Employing an asterisk superscript (*) to denote 
the reference state where M=1, one obtains the 
following equations! (see par. A-9): 


2(+1)M?2 E + (=) M7] 





—— eer (3-114) 
2 
= fee - — 
P _ ity 
P= 1+-+M? 





Table A-3 presents the variables T° T°, 
T/T®, P/P*,P° /P°* and u/u* as functions of M, 
for different values of y. Fig. 3-13 presents the 
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Figure 3-13. Flow Parameters for a Rayleigh Flow As a Function of M, for y =1.40 
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flow parameters for a Rayleigh flow as a 
function of the Mach number M for y=1.40. 


3-7.5 DEVELOPMENT OF COMPRESSION 
SHOCK 


If a Fanno and a Rayleigh line for the same 
value of the flow density G are plotted on the 
Ts-plane, they will intersect at two states, such 
as a and b illustrated in Fig. 3-14. Because all of 
the states on the same Fanno line have the same 
stagnation temperature T? , and because F/A 
has the same value for all states on the same 
Rayleigh line, the states a and b have identical 
values of G, T, and F/A. It can be shown (see 
par. A-10) that the flow through a normal 
compression shock wave satisfies the continuity 
and energy equations for a Fanno line and also 
the momentum equation for a Rayleigh line. 
Consequently, a spontaneous change from state 
a to state b can be accomplished by a shock 
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wave. Since state b is at a larger value of entropy 
than state a, a spontaneous change fzom state a 
to state b does not violate the second law of 
thermodynamics. 


It is seen from Fig. 3-14 that the static 
pressure at state b is larger than that at state a. 
Hence, the spontaneous change of state (a+b) is 
termed a compression shock. In view of the 
second law, a change of state from b to a is 
impossible; Le., a spontaneous change from a 
subsonic to a supersonic flow is impossible. Only 
the reverse can occur. The abrupt compression 
of the gas by the compression shock increases 
the static pressure and temperature, and the 
entropy of the gas. Its velocity after flowing 
through the shock wave, however, is reduced to 
a subsonic value (M < 1). 


For a detailed discussion of shock waves and 
supersonic flow see Appendix A. 
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Figure 3-14. Development of Compression Shock 
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COMPRESSIBLE FLOW iN NOZZLES 


4-0 PRINCIPAL NOTATION FOR CHAPTER 


4* 


q® 


e) 
\e) 


OL SL 


© 


Ae 


D 


D 


acoustic speed = ./yRT 


critical acoustic speed, in cross-section 
A* where M=1 


stagnation acoustic speed =4/yRT° 
= a®*¥v/(7+1)/2 


flow cross-sectional area, in general 
critical cross-section area, where M=1 
for a steady one-dimensional isen- 
tropic flow 
cross-sectional area of throat of nozzle 
British thermai unit 

; oO 2 
maximum isentropic speed = a ro 

he 

specific heat at constant pressure 
specific heat at constant volume 


contraction coefficient for a fluid jet 


discharge coefficient for a nozzle (or 
orifice) = VC, 


diameter 


drag 


hydraulic diameter 





“Any consistent set of units may be employed; the units pre- 


sented 


here are for the American E 
oar ea), ‘ n Engineers System (see 


‘ 


SE, 


EpE 


h? 


Ah 


Ah, 


Ah, 


—-A.. - el. 


energy, in general 


energy expended in overcoming fric- 
tion 


kinetic energy 
{ 
potential energy 


friction coefficient in the Fanning 
equation 


thrust, Ib 


acceleration due to gravitational at- 
traction of earth, ft/sec? 


gravitational correction factor = 
32.174 slug-ft/Ib-sec? 


flow density = m/A 
Static specific enthalpy, B/slug 
stagnation specific enthalpy, B/slug 


a finite change in static specific 
enthalpy 


increase in static specific enthalpy due 
to a compression of the fluid, B/slug 


change in the static specific enthalpy 
of «= compressible fluid due to its 
expansion in a nozzle, B/slug 


decrease in the static specific enthalpy 
of a compressible fluid due to an 
expansion process, B/slug 
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mechanical equivalent of heat ~ 778 
ft-lb/B 


length, unit as specified in text 
molecuiar weight 

ncass flow rate 

critical mass flow rate 

local Mach nuinber 

static pressure, nsia 

static pres"ure, psfa 

tc. *a! or stagnation pressure 

static pressure in throut of nozzle 


prvssire ratio for a compression 
process, r,, = P., /P,, where P>P, 


2xnaision ratio for an expansion in a 
nozzie (r, = P,/P°) 


gas constant = R,,/m 

urdzversal gas constant = 49,717 
ft-lb/slug-mole-R = 63.936 
B/siug-mole?R 

static specific entropy, B/slug-R 
stagnation specific entropy 

surface area 

time, sec 

static temperature, °R 

total or stagnation temperature, °R 


velocity of fluid parallel to tne x-axis 
fps, or specific internal vnergy, as 
specified in text 
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velocity of fluid parallel to the y-axis, 
fps, or specific volume (v=!/p), as 
specified in text 


velocity of fluid parallel to the z-axis, 
fps, or weight, as specified in text 


weight rate of flow, lb/sec 


elevation or altitude 
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compression factor = is > 254 


a 
expansion factor =1 —(P,/P°, ° 


GREEK LETIVERS 


sermi-angle of diverging portion of a 
nozzle 


semiangle of cone for an annulu 
nozzle (Fig. 4-18) 


specific heat ratio = Cy/Cy 
finite change in the parameter 
area ratio (A,/A,) for a nozzle 
efficiency 


flow divergence loss coefficient for a 
nozzle 


density 


velocity coefficient for a nozzle; 


o=/T, 
flow factor for a nozzle (see Eq. 4-11) 
critical flow factor corresponding to 


maximum mass rate for ideal nozzle 
flow (see Eq. 4-16) 
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| SUBSCR 4-] illustrates schematically the manner in which 
the flow area varies in the two general classes of 
; a ambicnt or environment nozzles. It should be pointed out, however, that | 








3 


Cc compression or combustion, as speci- 
fied in text 


e exit cross-section of nozzle 


the longitudinal axis of a nozzle need not be a 
straight line, as is shown in Fig. 4-]. 


In the analytic treatment of the flow of a 
compressible fluid in a nozzle, regardless of 
type, it will be assumed unless it is specifically 


f - friction stated to be otherwise that the flow is steady, 
: one-dimensional, and isentropic. Such a flow 
8 gas will be termed ideal nozzle flow. 


max maximum 
n nozzle 


t throat section 


Experiments have demonstrated that the 
effects of friction upon the changes in the 
thermodynamic properties of the compressible 
fluid and its pertinent flow parameters, in the 
case of nozzle flow, are considerably smaller 
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| | than the effects produced by the changes in the 

| t. SUPERSCRIPTS crosssectional area of the nozzle. It is 

: : customary to account for the effects of friction 

: - *  cfitical condition where M=1, for an in actual nozzle flow by applying pertinent 

isentropic flow empirical coefficients to the results obtained r 

= . | from analyses based ca ideal nozzle flow. One Pi 

‘ value to which prime is attached is may, therefore, regard the results obtained by ' 

| < : reached by an isentropic process assuming ideal nozzle flow as a close approxima- - { 

| a: tion to the actual flow in a nozzle. 5 

: O _ stagnation value A | 

_ o¢ A basic characteristic of nozzle flow is that , : 

: 4-1 INTRODUCTION the compressible fluid moves in the direction of ! 

a negative pressure gradient which enables the 

The present chapter 1s concerned with the _ fluid layers adjacent to the walls of the nozzle to 

| application of the gas dynamic theory, presented —_ follow the contour of the nozzle quite readily, ; 
in Chapter 5 and Appendix A, to the flow of — despite the decelerating influence of wall fric- 
compressible fluids in nozzles. It will be recalled tion upon the flowing fluid. Consequently, wall | 
from Chapter 1 that some form of nozzle serves EE TE th | 
( as the propulsive element in every type of jet y . an we ME si 
f propulsion system. In paragraph 34.3.2 anozzle flow of a compressible fluid in a well-designed 
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was defined as a flow passage which causes an 
expansior. (dP<Q) of the compressible fluid 
flu-.ing, Urough It. 


The nozzles employed in current jet propul- 
sion engines can be grouped into two broad 
Classes:(1) converging nozzles, and (2) 
converging-diverging or De Laval nczzle. Figure 


nozzle. 


Since the results obtained by analyzing ideal 
nozzle flow in a converging nozzle can be readily 
applied to a converging-diverging (De Lavel) 
nozzle, the converging nozzle will be discussed 
first. 
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(B) IDEAL NOZZLE FLOW IN A CONVERGING - DIVERGING 
OR DE LAVAL NOZZLE 


Figure 4-1. Two Basic Types of Nozzles Employed in Jet Propulsion Engines 
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4-2 IDEAL FLOW IN A CONVERGING NOZ- 
ZLE | 


The converging nozzle, see Fig. 41, is 
suitable for applications where the pressure ratio 
P /P, is small. It is the type of nozzle employed 
in gas-turbine jet engines for propelling aircraft 
at subsonic flight speeds (see Part Two, Chapters 
12 and 15). 


Figure 4-2(A) wlustrates schematically the 
flow through a converging nozzle attached to a 
large storage tank (infinite reservoir), and Fig. 
4-2(B) illustrates a converging nozzle attached to 
a pipe. Ideal nozzle flow is assumed (see par. 
4-1), 


Let subscripts 1 and 3 refer to the entrance 
and exit cross-sections of the converging nozzle, 
respectively, and the subscript a to the environ- 
ment into which the nozzle discharges. The 
assumed ideal nozzle flow is characterized by 
the conditions (see pars. A-5.1 and A-5.2) 


h° = a constant and P° = a constant 


4-2.1 ISENTROPIC EXIT VELOCITY FOR A 
CONVERGING NOZZLE 


If h denotes the static specific enthalpy of 
the flowing compressible fluid at an arbitrary 
cross-sectional area of a converging nozzle, de- 
noted by A,, and h° denotes its stagnation 
specific enthalpy, then the velocity of the fluid 
crossing A, is given by (see par. A-5.3) 


u,, = ,/2 (h° — h,) (4-1) 


Eq. 4-1 applies to any isoenergetic flow 
(reversible or irteversible) and comes directly 
from the energy equation. The isentropic velo- 
city of the fluid crossing the nozzle exit cross- 
sectional area A, is obtained by setting A, 
AY: h. e = hy, and u, =u,, in Eq. +1. 


‘ 4 e “1 
: gp 2 gag eee “a 
. ej 2*Q@wer ~ 6% 4 ‘es Rb! wo QS le AL 23.8 nm a <q 


AMCP 706-285 


Hence 


Ue =U, = /2(h° — hy )= isentropic exit (4-2) 
velocity 
In the case of a converging nozzle, however, 
the exit area A, is the smallest ‘cross-sectional 
area of the net 1.€., 


Ag = Ay = nozzle throat area 
Hence, for a converging nozzle 


U 


Up = U,= the isentropic throat velocity (4-3) 


Hereafter, in discussing converging nozzles the 
subscript e will be replaced by the subscript t. 


4-2.2 ISENTROPIC THROAT VELOCITY 
FOR THE FLOW OF A PERFECT GAS 
IN A CONVERGING NOZZLE 


From par. 3-5.3 it follows that if the flowing 
fluid is an ideal gas, then — for ideal nozzle flow 
in a converging nozzle — the isentropic throat 
velocity uy is given by Eq. A-130 which is 
repeated and renumbered here for con venience. 
Thus 


u, =a? (71) = O/Zy 


=a (=) mt om 


where (see par. A-6.2) 


a°= ./yRT° = stagnation acoustic speed 
Co= (75 RT° = maximum isentropic 
speed 


*=./YRT® = critical speed of sound 


v= 1 


== 


7 
£,= 1—ry = expansion factor 


rp =P,/PO=P./PC= nozzle expansion ratio 
(for a converging nozzle) 
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(A) CONVERGING NOZZLE ATTACHED TO A LARGE 
STORAGE TANK 
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(8) CONVERGING NOZZLE ATTACHED TO A PIPE 


Figure 42. Ideal Nozzle Flow in Converging Nozzles 
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In most cases the initial flow conditions for 
the gas flowing in the nozzle (T° and PY) are 
known, so that the reference speeds a°, Co and 
a® are constants. 


It is frequently useful to express Uy in 
dimensionless form by introducing the dimen- 
sionless isentropic throat velocity wy = we, for a 
converging nozzle. Combining Eqs. A-124 and 
A-125, one obtains the following equations for 
the dimensionless isentropic throat velocity for a 
converging nozzle: 


Pak: ee 2 
Wer FE ~~ [424] “*t 
viRTo NV 


ee 
—] 

f + (759) Mz 

V V*s 

4-2.3 EFFECT OF VARYING THE BACK 


PRESSURE ACTING ON A CONVERG- 
ING NOZZLE 





(4-5) 


Consider a converging nozzle which operates 
with constant values of h° and P® at its entrance 
cross-section A, (see Fig. 4-2(A)) but with a 
varying back pressure P.,; where P, is the static 
pressure of the surroundings into which the 
nozzle discharges a compressible fluid. The 
effect of P. will now be studied by considering 
four different operating modes or cases. 


Case I. (P, = PY). In this case, since P = P® at all 
cross-sections of the nozzle, there is no flow of 
fluid through the nazzle, i.c., the mass flow rate 
in = 0. 


Case ll. (Py = P, < P*). In this case, termed 
subcritical operation, the pressure in the exit 
cross-section of the nozzle Pica ge 


Case III, (Py = P, = P*). This mode is termed 
critical operation. The isentropic exit or throat 
velocity Ur =a* = the critical speed of sound. 
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Furthermore, the throat (or exit) area is identi- 
cal with the critical flow area A® (see par. 
A-6.3.1). Accordingly, when A; = A®, the nozzle 
passes the critical mass flow rate m* and the 
corresponding value of the flow density is the 
critical flow density G* = m*/A*. If the flowing 
fluid is an ideal gas, then it follows from Eq. 
A: 164 that for a converging nozzle 





_yr1 
G* = m*/A* = i Gy (4-6) 
a 
Hence 
yi 
G¥a° _ 2 \y-1 
po = (3) (4-6a) 


Case IV. (Py = P* > P,). This mode of opera- 
tion is termed supercritical operation. Decreasing 
the static pressure P, from P, = P* to P, = 0 has 
no influence upon the throat pressure P,; the 
latter remains constant the critical value P*,. 
where - 


—t 
a -(2) po (4-7) 


Because the upstream conditions are assumed 
constant, tne throat velocity also remains con- 
stant at the value (see Eq. 4-4) 


Ps 7 2yRT? 
foqg¥aQ9O [_* = | +8 
Uy a a 1 1 ( ) 


Hence, when a converging nozzle is operated 
under super-critical conditions, reducing ge 
causes the rarefaction wave to be propagated 
toward the converging nozzle with a wave speed 
a* which is equal to the speed with which the 


4-7 





eo 8. 6 uml 8 mmm rns Ve mt 





| 


ne! eae AE EE ates.” Atal Wn ie > 


| oat. ah Oe a oe? A 


tee ee el ban Oi ant ee! eee} 


or 
° o 
. me me ee eee ee Oo Oe, 





— > — er | enn eee © 


Re Sl stile eee | cated Tr Ee ee ere aoe) ee RD ~S 
~ & 
bess . ' 
- . 12 ' 


Ce tpt f 


oe Qe eee Qe = | ob OF - 





AMCP 706-285 


flowing ideal gas is ejected from the nozzle. 
Consequently, the flow in the nozzle is unaf- 
fected by the reduction in P, even if it is 
reduced to zero. As a result the mass flow rate 
remains constant at the value m*. If a larger 
flow is desired the upstream conditions (see Eq. 
4-6) must be altered or the throat area increased. 


Since the static pressure of the gas in the 
exit cross-sectional area of the converging nozzle 
(A, = A.) is P*>P, the adjustment of the static 
pressure of the gas discharged by the nozzle to 
the back pressure P, takes place in the environ- 
ment external to the nozzle. The finite 
differences in the radial pressure in the exhaust 
jet produce transverse accelerations of the gas 
molecules and nonuniformities in the flow that 
cannot be analyzed on the basis of one- 
dimensional flow, which is a major assumption of 


- ideal nozzle flow. 


4-2.4 MASS FLOW RATE FOR IDEAL NOZ- 
ZLE FLOW (CONVERGING AND CON- 
VERGING-DIVERGING NOZZLES) 


The mass flow rate through either a con- 
verging or a converging-diverging nozzle (see Fig. 
4-1) is obtained ‘by applying the one-dimensional 
continuity equation (Eq. 3-18) to the throat 
area of the nozzle, denoted by Ay. Thus, for an 
ideal nozzle flow - 


m’ =m) = me = Aqo;Uy (4-9) 


If the flowing fluid is an ideal gas (see pars. 
3-2 and 3-4), then Eq. 4-9 can be wnitten in the 
following form!: 





POA 
at =v ] | (4-10) 
~ \YURTOS | 
where 
| 2 ral 
ys ae |. flow (4-11) 
in factor 
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where 


Ty = P,/P° . 


Eq. 410 presents the isentropic mass flow 
rate m’ for ideal nozzle flow in either a 
converging or converging-diverging (De Lava_) 
nozzle. 


It is apparent from Eq. 4-11 that for fixed 
initial conditions (P° and T°) and a given value 
of r= P,/P° the flow factor y is a function only 
of the specific heat ratio y. For fixed values of 
r,, Ay, and P® the mass flow rate m’ for a given 
ideal gas depends only upon its total tempera- 
ture T°: increasing T° reduces m’. 


Figure 4-3 presents the flow factor y as a 
function of P,/P° for y equal to 1.135, 1.3, and 
1.4. For a given value of P,/P° the flow factor y 
decreases slightly as y, is reduced. For all values 
of y, the flow factor Y=0 when P,/P° is equal to 
either zero or unity; between those limiting 
values of ry the flow factor y has a maximum 
v7 "ie. 


By differentiating Eq. 411, it is readily 
shown that the expansion ratio P,/P° which 
makes y a maximum is given by (see Eq. 4-7) 


Py _ 4 7 p* 
50). \yHi) po 


From par. A-6.1, when P,/P° is equal to the 
critical expansion ratio P* po then A,=A*,the 
critical flow area, and the following conditions 
obtain in the nozzle throat: 


(4-12) 


Uy =a* = ./yRT* (4-13) 
T rs 
anit Ti Wade (4-14) 


< f& 


UP 


a 


% Ft 


ee TP OTe. OO ee ee. a. 


“ seo. . Wate. 0d'.% Led - oid rep 


vive re me - 


, 7 
Nabe PHY - 


yer. 


Nites a 3 





t 
( 
d e 
\ 








i 


Rie Bo si et ae 
’ 


ne wr wy ise : « &- 
Z ry . Gs ee {eee ea Ls - sow ~ a hed iat Ss . 
a ie ee ee ork a ee IE =F ON, a i ee a Pel oe a PURE Ne 


. =_ * 
< a ‘. ‘ 
yee 
e . le ‘ had 
+e: ‘ 
Pes 4 OE Ve Lo ee Bee Db ne ce ten wip OD oo = 
‘ ° . oy 
» , rt Ve batt meee ce NGS 
P -m Aen oor 
. 4 : 
: P = 
' , . ‘ . . a é. 4 
t e 
Ll ry o 


AMCP 706-285 


cca be Bene 8 hy 6 RTE PRR Aa 8s Me Mid a) a | ities si Zz i? 
hy oa git = . —e 7 : | > — on wo 4 ; ‘ " ' 


—_ —w= 
= oa F we. 


i tade dee te 





| ett tt} iy 

: | 

bt | i tt} tt |e 
O 0.2 0.4 6 0.8 


1.0 


Q. 
r= p/P 
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Combining Eqs. +11 and 412 gives the 
following equation for y,.2, = ¥*: 


1 


Y-1 
s=- = 2 4 
YY as fe 7 +1 (4-16) 


Hence, the equation for the 7naximumn isen- 
tropic mass flow rate m,,,, can be written in 
the form 





m* = Mmax = yrA* (4-17) 


po 
Vv RT? 
Figure 4-4 illustrates the functional relation- 
ship between m’ and r= P,/P®°, as calculated 
from Eqs. 410 and 411, for a given value of +. 
As one might expect its characteristics are 


similar to those for the functional relationship 
between y and r (see Fig. 4-3). 


It is seen in Fig. 44 that the critical mass flow 
rate m* is attained when P,/P° = P*/P°. Experi- 
ments demonstrate that the calculated curve for 
m’ vs r; is correct for the range ry = P,/P° 


=1.0to P*/P° For that range of expansion ratios — 


the static pressure P, = P., for a converging 
nozzle is always equal to the back pressure P., 
(see Fig. 4-1(A)). If either P® is increased or P, 
reduced so that P,/P°<P*/P® the pressure P, no 
longer equals P,, but remains constant at the 
value which gives P,=P,=P*. Consequently, the 
calculated broken line segment of the curve in 
Fig, 4-4 does not exist physically. Reducing 
P,/P° below the value which yields P,/P° 
= p*/P° = P,/P° for a converging nozzle has no 
effect upon the isentropic mass flow rate. It 
remains constant at the value m’= m*. 
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It should be noted here, that although the 
equations for the critical mass flow rate m*® 
were derived for a converging nozzle, they 
apply also to the converging portion of a 
converging-diverging (De Laval) nozzle. 


4-3 IDEAL FLOW IN A CONVERGING- 
DIVERGING (OR DE LAVAL) NOZZLE 


The discussions of ideal nozzle flow in a 
converging nozzle indicate that such a nozzle 
can expand a gasonly through the pressure 
range (P°/P*), as illustrated in Fig. 4-5. Conse- 
quently, the transformation of the static specific 
enthalpy of the gas into kinetic energy is limited 
to the area lying above the line or curve 
corresponding to P* = constant. The enthalpy 
corresponding to the area below the line P* = 
constant cannot be converted into kinetic 
energy by expanding the gas in a converging 
nozzle. 


The Swedish engineer, De Laval (1883), 
showed that the enthalpy transformadon into 
kinetic energy corresponding to an isentrcpic 
expansion of the fluid from P* to P, could be 
effected by adding a diverging portion to a 
converging nozzle, as illustrated in Fig. 4-1(B). 
Figure 4-6 illustrates the charactenistics. 


Converging-diverging nozzles are employed 
for nozzles which must cperate with large values 
of the pressure ratio P°/P,. In general, the 
propulsive nozzles for chemical rockct engines 
are converging-diverging nozzles and _ they 
operate with inlet total pressures ranging from 
150 to 3000 psia, the back pressure P, being 
that of the surroundings into which the nozzle 
ejects its propellant gas. 


Converging-diverging nozzles have not been 
used widely for turbojet engines until more 
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Figure 4-4. Mass Flow Rate As a Function of the Nozzle Expansion Ratio, 
for a Fixed Value of + 


recent years, when supersonic ai‘craft were 
developed. Because of the high ram pressure of 
the air entering the engine, the pressure ratio of 
the nozzle became large enough to warrant 
employing the converging-diverging type of 
nozzle. 


Fig. 4-6 illustrates the characteristics of the 
flow in a converging-diverging nozzle when it is 
passing the critical mass flow rate mia, =m*, 
ee. and the entrance velocity u, is subsonic. In 

general, the upstream operating conditions at 
the cross-sectional area A, and the exit 
ae cross-sectional area A, may be assumed to be 


= given, and also the area of the throat A, of the 


om f 


converging-diverging nozzle. It is assumed that 
the flow is an ideal nozzle flow (see par. 41) 
and the flowing fluid is an ideal gas. 


The gas velocity increases as it flows from 
the entrance cross-section A , to the exit 
cross-section A,, due to the decrease in pressure 
P°-P,; the ratio TOP, is called the nozzle 
pressure ratio and is larger than unity. As before, 
the ratio P,/P®° is called the nozzle expansion 
ratio and is denoted by in 


If a converging-diverging nozzle is operated 
so that the gas velocity at every cross-section is 


subsonic, the maximum gas velocity occurs in 
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the throat area A,. Decreasing the exit pres- 
sure P.» by reducing the ambient pressure P., 
causes the gas velocities at every cross-section to 
increase, but the largest gas velocity will be the 
throat velocity u,in the area Ax. 


Once the throat velocity u,;, however, be- 
comes equal to the local acoustic speed a*, then 
A, = A*, Py= P* and the isentropic mass flow 
rate m’ = m* = the critical mass flow rate. It is 
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then impossible to increase the throat velocity 
above a* by reducing P,, assuming fixed values 
for Po and T°. 


Assume now that with the entrance con- 
diticns for the nozzle held constant, the static 
pressure in the exit section P, is reduced so that 
the flow in the diverging portion of the nozzle 
becomes supersonic. The flow in the nozzle is 
then unsymmetrical with respect to the throat, 


x Ae 
A 
A= a* ' r 
Fe 
° f 
+ Ue 
as —xae Pp 
A: ° 
REGION OF a 
SUBSONIC e 
VELOCITIES REGION OF SUPERSONIC ae 
VELOCITIES 
SONIC VELOCITY IN 
THROAT SECTION 
(IOEAL NOZZLE FLOW) 
Figure 4-6. Flow Characteristics of a Converging-Diverging (or DeLaval) Nozzle 
Passing the Critical Mass Flow Rate m* 
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wherem the gus velocity veaiains constant at the 
vahuc @, wa®. The iaiter conditions are dlustrated 
achematicaily ins @. 4-6. 


The operating characteristics of the con- 
verging-diverging nozzle can be explained by the 
equations presented earlier for ideal nozzie flow 
of an ideal gas in a converging nozzle. Thus, the 
isentropic exit velocity u, is given by Eq. 44, 
which is repeated here for convenience. Thus 


up= /2(h°— hh) = c,./Z, (418) 


the velocity u, is the velocity crossing the exit 
cross-section of the converging-diverging nozzle 
in Eq. +18 


P 


2,-1-("2) a 


The isentropic mass flow rate m’ fora 
converging-diverging nozzle is given by Eq. 4-10 
and its critical flow rate is given by Eq. 417. 
Hence 


m* = y*A* Eset 


VRT 

ae 

-aspo {2 {|v (2\" (4-19) 
—a}] RTO y+1 \ytl 


It is convenient to express the mass flow rate 


tin terms of the flow density G = m*/A,.Eq. 


4-10 can be transformed to read 


| 2 pan 
G voRT?,, {2 f(Fe) 7_(Pe\" 
po yl) \ po Po 
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(4-20) 





Fig 47 presents the dimenssonves pare 
meter (G\/yRTO )/P° as a function of PP”. for 
y = 1.28. 


43.1 AREA RATIO FOR COMPLETE EX- 
PANSION OF THE GAS FLOWING IN A 
CONVERGIN«|-DIVERGING NOZZLE 


For a converging-diverging nozzle, the mtio 
of its exit area A, to its throat area A, is called 
the nozzle area ratio and is denoted by e. Thus 


€ = A,/A,y = nozzle area ratio (4-20a) 


Fig. 4-6 illustrates a converging-diverging 
nozzle which passes the critical mass flow rate 
m*; ideal nozzle flow is assumed. Let A, denote 
an arbitrary cross-sectional area of the nozzle 
located a distance x from the entrance cross- 
section A,. From continuity and Eq. 410 one 
obtains | 





: O 
m* = A® p% at = Ay Py = WA P (4-21) 
V RT? 


Hence, for an ideal nozzle flow 


Ax Uh = Pat (4-22) 


A* - Vy px | 


Substituting for y and y* from Eos. 4-1] 
and 4-16, respectively, yields 


(2) = 
OOM Mca, tae 
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Figure 48 presents the area ratio A, /A, = 
A,/A® as a function of PO/P, for different 
values of +. The curves give the required area 
ratio A,/A, for expanding an ideal gas isentropi- 
cally from the stagnation conditions P© and T° 
to the static pressure P.. in the cross-sectional 
area Ay, when the nozzle passes the critical flow 
m*. 


Fig. 4-9 presents the velocity ratio uj /u, as a 
function of P°/P, for gases having different 
values of y. The curves apply to the isentropic 
flow of ideal gases. The gas velocities uJ and u, 
apply to the cross-sectional areas A, and Ay 
respectively. 


For some purposes it is convenient to 
express A,/A; as a function of M,, the Mach 


number in Ay. Rewriting Eq. A-153 yields’ 
A, _ Ay 
aa ae — 
“t G1) 
i ete Pees ( re ia Mi) (4-23) 
M, | yt 2 


The aGimensionless velocity MX (see par. 
A-6.1.5), is given by 





+y-1 


Me = °X - pans 1—- | ; (4-24) 
a* fe pe 


When m’<m*, the area of the nozzle throat 
A,>A*, and u;<a*; ie., the flow is subsonic 
throughout the converging-diverging nozzle, as 
explained in par. 43. In that case, the static 
pressure of the flowing gas decreases between 
A, and Ay (see Fig. 46), attains its smallest 
value in Ay, and then increases between A, and 
Ag. 

When A, coincides with exit cross-sectional 
area Aj, then P,=P, and M,=Mg. Furthermore, 
the ratio u,/a® is obtained from Eq. 4-24 by set- 
ting P,.=P,. 
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np 


The maxir.um value of ¢be exit velocity u, 
is btained when the nozzie is designed so that 
e=A,/A,= A,/A® gives a static pressure P,, in 
the exit cross-sectional area Ag, exactly equal tu 
the back pressure P,. Such a nozzle is said to 
operate with either the optimum area ratio or 
the area ratio for complete expansion, denoted 
bY Cont 

When a nozzle operates with €opt? P=? 
and all of the available enthalpy for the ideal 
nozzle flow is transformed into jet kinetic 
energy. Hience, for such a nozzle 


un = /2 (h°— hy) 


EXAMPLE #1. 


(for E€ opt) (4-25) 


A converging-diverging nozzle discharges air, 
assumed to be an ideal pas, into a receiver where 
the static pressure P, = 15 psia. The nozzle is 
designed so that the nozzle passes the maximum 
mass flow rate under conditions of ideal nozzle 
flow. The nozzle is attached to a pipe and at the 
entrance cross-sectional are of the nozzle the 
following conditions obtain; p, = 100 psia, T, = 
800° R, M,= 0.3, and A, =1 sq ft. Calculate: 


(a) the stagnation values of the properties of 
the air (T°, P®, p°, and a°): 


(b) the weight rate of air flow in lb per sec; 


(c) the values of P, T, ;, and Us in the 
throat; 


(d) the throat area Ay; 


(e) The are2 of the exit cross-section Ag, to 
give complete expansion of the flowing 
air, and the corresponding values of Po» 


Pa» UL, M,, and Te. 
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Figure 4-8. Area Ratio A,/A* for Complete Expansion As a Function of the Nozzle 
Pressure Ratio P°/P, for Different Values of y = Cp/ey 
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Figure 4-9. Ratio of the Isentropic Exit Velocity uy to the Isentropic Throat Velocity Ut - 
As a Function of the Nozzle Pressure Ratio P° /P,, for Different Values of yy = Cy/Cy 
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LUTION 
(a) Stagnation walues of the flowing. air 


Assume 


y = 1.40; a, = 49.02 ,/800 = 1390 fps; 
M? = 0.09 
u, =M,a, =0.3 (1390) = 417 fps; 


Raiz = 1712 ft-Ib/stug’R 


100 (144) _ 


——___— = 0,0 lug /ft? 
1712 (800) 0.01052 slug/ 


p, =P, (RT,)= 


TO=T (1 +0.2 xX 0.09) = 814°R 
PO= 14400 (1.018)>-5 = 15,420 psf = 107 psia 


p? = PO(RT®) = 15,420/{(1712)814} 
= 0.01106 slug/ft° 


a° =, /YRT° = 49.02, /814 = 1400 fps 


(b) Weight rate of flow 


m’ = m* = w'/g. = 9, A, U, /8¢ 


w’ = 32.174 (m*) = 32.174 (0.01052)(1) (417) 
= 141 Ib/sec 


m® = 4.38 slug/sec 
(c) Throat conditions 


Since the nozzle passes the critical flow rate 
m*, from Eqs. +12 to +15: 


2 3.5 
=pse=/ PO= 0.5283(15,420) 
rt (34) 


= 8,150 psf = 56.50 psia 


Ty = T* = (2/2.4)814 = 678°R 
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= pe=/*_)'* (0.01106) =0.01106,1.577 
Py =P ff 06, 
= 0.00698 siug/ft? 
u, = a® = a, /2/2.4 = 1400(0.912) = 1277 fps 
(d) Throat area 


Since m ‘= m*, from Eqs. 4-16 and 417: 


A, = A*=m* VRT 





y*Peo 
9) 2.5 oe. 
= (| = —_ = (0.63 ‘ = U. 
y & /28 = (0,634) 1.08 = 0.686 
Hence 
at 243g MI7I2814)_ 9.497 sa tt 
0.686 (15420) 
= 70.7 sq in. 

Check 


m* = 0.00698 (0.492) 1277 = 4.38 slug/sec 


(e) Area of exit cross-section (Ag) 


When 


€ = Eg ot, Pe = Pa = 15(144) = 2160 psf 


=| 


a | 0.286 ; 
("3) 7 ( 400) = (0.140) = 0.5702 
p 





O 15,420 


1 ~ 0.5702 = 0.6556 


From Fq. 4-24: 


y’ 
Mg= — =0.6556 \/6= 1.608 
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amr /UO-<B) 
Hence 


i u’ = a® M¢= 1277 (1.608) = 2950 fps 





Since flow is isentropic: 
0.286 


; T=T#(—£]} = 680 (2190 
e fe 


= 680(0.696) = 472°R 


0.286 


a, = 49.02,/472 = 1063 fps 


M ate _ 2050 


= 1.93 
© ao 1063 


. “ NTT ERE? ee rye ~ _-e 


From Eq. 4-20a: 


ay eS a) 


A Eee EE 

r e 1 [5 

oe ta 6=1 61 

: ‘opt™ Ae” Tose O77) = 101° 


A. = 1.616 (0.492) = 0.796 sq ft =114.5 sq in. 


g00\ 2160 
= 9,01052 (80) 2160. 
—w (55) 14,400 


= 0.00267 slug/ft? 


( 4.3.2 EFFECT OF VARYING THE BACK 
: PRESSURE ACTING ON A CONVERG- 
ING-DIVERGING NOZZLE 


Fig. 4-10 presents the expansion ratio P,/P, 
and the exit Mach number M, as functions of 
the area ratio A,/A*. It is evident from the fig- 
ure that for each value of A,/A* there are two 
values of M,, one is subsonic and the other 
supersonic. The back pressure P, determines 
which value of M, will occur. 


If a converging-diverging nozzle passes an 
isentropic mass flow rate m’<m*, the flowis 
subsonic throughout the nozzle, and there is a 
small range of exit pressures which can be 
attained with a subsonic isentropic flow, is 
indicated in Fig. 4-11. 
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When the nozz:e passes the critical mass flow 
rate m®*, only two exit pressures satisfy the 
requirements for an isentropic flow throughout 
the converging-diverging nozzle, as illustrated 
schematically in Fig. +11. The gas can expand 
isentropically to the throat pressure P, = P*; 
then it may either continue to expand isentropi- 
cally, along curve a, to the lower exit pressure 
P., <P" or it may diffuse isentropically, along 
curve b, to a higher exit pressure Pas ok”. If the 
gas expands isentropically to P,,, the exit 
velocity ug will be supersonic (M,>1). On the 
other hand, if the gas undergoes an isentropic 
diffusion along curve b, then M,<1. None of the 
exit pressures between P,, and P,, can be 
reached by an ideal nozzle flow. 


A converging-diverging nozzle having a fixed 
area ratio A,/A* and operating with fixed inlet 
conditions gives complete expansion of the 
flowing gas, only when P, = P, = back pressure. 
Consequently, such a nozzie can be designed to 
operate with the optimum area ratio at only one 
altitude or back pressure. Consequently, at all 
but one back pressure P,, the nozzle operates 
with either PoP, or P.<P.. 


4-3.2.1 UNDEREXPANSION IN A 
CONVERGING - DIVERGING 


NOZZLE 


When PP.» the gas expansion from P, to 
P, takes place beyond the nozzle exit areaA,. A 
nozzle operating with P,>P, is said to operate 
with underexpansion. Conversely, if the fixed 
area nozzle operates with P.<P., it is said to 
operate with overexpansion. 


As long as a converging-nozzle is operated 
with underexpansion {P, > P,), the flow 


conditions inside the nozzle are unaffected by 
any variations in the back pressure. The super- 
sonic gas jet ejected from the nozzle expands in 
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Figure 4-10. Expansion Ratio P,/P° and Exit Mach Number M, As Function of the Area 
Ratio A*/A, for a Converging-Diverging Nozzle Passing the Critical Mass Flow Rate m* 


much the same manner as that discharged by a 
converging nozzle operated supercritically. Con- 
sequently, the thrust produced by an underex- 
panded jet is less than that obtained from a 
nozzle operating with complete expansion 
(P.=P,), and a pressure thrust term equal to 
(P,—P,)Ae entersintothe thrust equation for a 
propulsive nozzle (see pars. 2-3 and 2-4). 


4-3.2.2 OVEREXPANSION INA CONVERG- 
ING-DIVERGING NOZZLE 


If a converging-diverging nozzle is operated 
with overexpansion, the gas flowing inside the 


nozzle may expand to a static pressure P, lower 
than that corresponding to the back pressure P,. 
The gas is compressed to the back pressure by 
flowing through one or more oblique shock 
waves, as illustrated schematically in Fig. ¢-12. 
The problem of overexpansion has been studied 
by several investigators, but a general and 
accurate procedure for predicting separation in 
all types of nozzles is lacking!®+!!»42>"9. 


Consider a converging-diverging nozzle hav- 
ing a fixed area ratio A,/A,y and assume it is 
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Figure 4-12. Conical Converging-Diverging Nozzle Operating With Overex pansion 


designed so that P.=P,. The flow in the diverg- 
ence is isentropic and supersonic. Assume now 
that the back pressure 1s raised slightly above 
the design value for the exit pressure Pg, ie., 
A. is larger than that required for en 
the gas to P, > Pg. 


When P, is only slightly larger than Pe, 
oblique shocks are formed in exit corner of the 
diverging portion of the nozzle, and the shock 
angle depends on the pressure ratio P,/P. and 
M.. Increasing P, causes the oblique shocks to 
steepen and become stronger. The range of 


woh as 22 


values of P, that cause oblique shocks without 
jet separation is indicated schematically in Fig. 
4-11. 


It should be noted that in an actual nozzle 
the back pressure P. can propagate upstream 
through the boundary layer adjacent to the walls 
of the nozzle; within the boundary layer the gas 
velocities decrease from supersonic at its inter- 
face with the main gas stream to subsonic 
velocities and to zero at the walls. When P, is 


only slightly larger than Bas as mentioned earlier, 
weak oblique shocks are formed in the exit 
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corner of the diverging section of the nozzle and 
the gas is compressed by the shocks to the back 
pressure P,, a nonisentropic process which re 
suits ina reduction of the exit velocity of the jet. 


If the back pressure P, is raised further, the 
Oblique shocks sieepen which gives rise to 
snock-boundary layer interactioi's; if the shock- 
induced compression of the gas is high enough, 
the boundary layer will separate from the wall 
slightly upstream from the shock. If the back 
pressure is increased further, the shock moves 
upstream steepens and its propagation speed 
increases. The shock will become substantially 
normal to the flow and locate itself in the 
diverging portion of the nozzle where the 
pressure rise of the shock-induced compression 
of the gas is insufficient to cause boundary layer 
separation. The gas leaves the shock front with a 
subsonic velocity (see Fig. 4-11). 


Fig. 4-13 presents a coztelation of the data 
obtained by severa!’ zxperimenters with conical 
rocket motor nozzies having a semidivergence 
angle of a= 15°. The parameter (P,—P.)/P° is 
plotted as a function of P°/P.. 


Experiments indicate that for a given value 
of «a, the separation pressure ratio P./P. is a 
function of the nozzle pressure ratio P°/P,. 


It is desirable to have some control of the 
separation phenomena especially for the nozzles 
of jet propulsion engines which must operate 
over a wide range of altitudes as, for example, 
the nozzles of rocket motors for propelling 
launch vehicles. Efforts to reduce the thrust loss 
resulting from operating a nozzle with over- 
expansion have led to the development of 
nozzles having different configurations than the 
conventional internal flow converging-divergi:..g 
nozzle. Such nozzles are the plug nozzle, the 
expansion-deflection nozzle, and the ejector 
nozzle. They are discussed briefly in par. 4-8. 
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4-3.3 EFFECT OF VARYING THE INLET 
TOTAL PRESSURE OF A NOZZLE 


Assume ideal nozzle flow and the operation 
of a nozzle with a constant back pressure P,. Let 
the inlet total pressure P® be varied with T° held 
constant. As P® is increased from the value P° = 
Po the flow of gas through the nozzle increases. 
At soine value of P® the ratio P,/P° = P*/P° and 
the nozzle passes the critical mass flow rate m* 
which is given by Eq. 4-17. Further increase in 
P* has no effect upon the critical pressure ratio 
P*/P©, because it is a function of y alone (see 
Eq. 4-7). Consequently, P*/P° remains constant 
for all values of P® larger than 


Bua 
_ {ry 
ee ) Pa 


When the nozzle passes the critical mass flow 
rate m*, the isentropic throat velocity uy is given 
by Eq. 4-8, which is repeated here - for 
convenience 


uy = at =a, /2/(yt1) 


Eq. 427 shows that fora given gas, the gas 
velocity in the throat of the nozzle depends only 
uvon its inlet total temperature T°, it is indepen- 
dent of the total pressure P°, because a® is a 
constant. Hence, when the critical condition 
prevails in the throat of a nozzle, increasing the 
total pressure has no effect upon u, = a*. 


(4-26) 


(4-27) 


The static pressure in the throat is given by 


y-1 


2 G 
P,= p= = | — Pp 


Hence, if ®, is held constant, and P” is increased, 
and the riozzle is operated supercritically, so 


that Perr: then the following conditions are 
realized: 


(4-22) 


(a) The static pressure in the nozzie throat 
increases linearly with P® 
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(b) The static temperature of the gas in the 
throat remains constant at the value 


- 
T,=T*= (+\ To 
ete (i) 7 


(c) The gas density in the throat is given by 


p =p*= * 
t RT 


or 


a 
one (7 _2\"" pe 
t 2 /\y+1 R 
Hence, p, = p* increases tinearly with P°. 
(d) Since T°, R, and ¥ are constants—so that 
the critical flowfactor *isa constant—the 


mass flow rate for the nozzle is given by 





= (constant)(P°) (4-25) 
/RTt 


In the last equation all terms except P® are 
constants. Hence, if a nozzle is operated with a 
constant back pressure, once P, = P* an increase 
in P© causes the mass flow rate of gas to increase 
linearly with P®. 


4-4 FLOW IN REAL NOZZLES 
4-4.1 LOSSES IN NOZZLES 


Up to this point the discussions have been 
concemed with nozzles operating with ideal 
nozzle flow. Although it is reasonable to assume 
in most cases that in an actual well-designed 
nozzie the flow is steady and one-dimensional, 
the expansion process in the nozzle may be 
assumed adiabatic but not isentropic. The loss of 
available energy in a well designed nozzle operat- 
ing at its design point is quite small and is due 
primarily to wall friction. Other losses can arise 
due to operating the nozzle with either u..derex- 
pansion or overexpansion. As pointed cut in par. 
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4-3.2.1 when a nozzle is operated with underex- 
pansion, there is a loss due to the expansion 
from the exit pressure P, to the back pressure P, 
taking place in the free jet. The loss due to 
underexpansion is not serious if the difference 
between the actual and operating pressure for 
the nozzle is not too large because the variations 
in back pressure have negligible effect upon the 
flow conditions in a nozzle. For example, if a 
converging nozzle for a subsonic turbojet engine 
is designed to operate with a pressure ratio P,/P®° 
= 1.89 it can be operated supercritically at P,/P° 
= 6 with a thrust loss of approximately 5 
percent®’!3. In par 4-3.2.2 it was explained why 
serious thrust loss can be encountered if a 
converging-diverging nozzle operates with 
serious Overexpansion. 


The discussions in this paragraph are con- 
cerned with the ioss due to wall friction. 


44.2 AREA RATIO FOR AN ADIABATIC 
NOZZLE 


In general, the conditions at the inlet to a jet 
propulsion nozzle are known and the usual 
problem is to determine the flow area for 
passing a specified mass flow rate. Because of 
the wall friction, Eq. 3-74, which applies to an 
isentropic flow, must be modified. 


Let the subscripts 1 and 2 denote any two 
Stations in a nozzle, and assume the flowing 
fluid is an ideal gas. Applying Eq. 3-29 to 
Stations I and 2, and solving for the area ratio 
A,/A,, yields 


= (4-30) 


For an adiabatic flow T°? = constant, but 
p°>P>. It is readily shown, that 


+1 
a y-1! 9 1 2(y-1) 
M, { Gar po 


l 
a oS Ga — (431) 
1M, t+ (54) PY 
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Let .(A/A* nq. denote the area ratio cortes- 
ponding to an isentropic flow fromM=M, toM 


=1.Then! 
A, 
Awe 
() 
s ‘a M, 


Eq. 4-32 shows that because of friction the 
thruat area of a real nozzle must be larger than 
that for a comparable isentropic nozzle; Eq. 
4-35 applies to any one-dimensional flow chan- 
nel in which an ideal gas flows adiabatically. 


(4-32) 
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4-5 NOZZLE PERFORMANCE COEFFICIENTS 


To correct the results obtained by assuming 
ideal nozzle flow, certain empirical coefficients 
are employed. These are discussed below. 


4-5.1 NOZZLE EFFICIENCY (n,) 


If ug denotes the actual exit velocity of the 
gas crossing the exit cross-section A, of a nozzle 
and u, is the corresponding isentropic exit 
velocity, then by definition (see par. A-5.4.1) 


the nozzle efficiency Ny is given by 


h°—h, u\- 
My Se (= 
hy — h, e 
The nozzle efficiency is the ratio of the 
kinetic energy of the jet ejected from the nozzle 


to that for an isentropic expansion between the 
same values of P° and P, 


(4-33) 





4-5.2 NOZZLE VELOCITY COEFFICIENT(¢} 


By definition the nozzle velocity coefficient 
is given by 


7 
@=-F or u.= ou, (4-34) 


u 


@ 
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If the flowing fluid is an ideal gas, then Eq. 
4-34 can be transformed to read 


Up = ou, = be /Zy 
where 


Co= et and a?%=./yRT° 


4 te 
ak () 


The effects of friction may be assusned to be 
confined to the boundary layer adjacent to the 
walls of the nozzle, and the core flow may be 
assumed to be isentropic. The choking of the 
flow accurs in the core flow when the local 
Mach number is unity. The flow cross-sectional 
area where M=1 based on isentropic flow can 
then be increased by the thickness of the 
boundary layer to obiain the required throat 
area for a real nozzle. The result would, of 
course, be approximate because the isentropic 
flow is assumed to be one-dimensional?! 7»? °. 


(4-35) 


45.3 NOZZLE DISCHARGE COEFFICIENT 
(Cg) 


By definition, the discharge coefficient, de- 
noted by Cg, for either a nozzle o: an orifice is 


actual mass flow rate (m) 


= 4-36 
d isentropic mass flow rate (th’) 


In those cases where the fluid jet contracts 
beyond the exit section Ag, a contraction coef- 
ficient (C,.<1) can be introduced so that 


Cy =C,.¢ = discharge coefficient (4-37\ 


The value of Cg for a given nozzle must be 
determined experimentally. Data on converging 
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nozzles are presented in Reference 14. If there is 
no jet contraction C, = 1, and Cg = ¢’ ae 


In general, the discharge coefficient depends 
upon the configuration of the nozzle, the 
roughness of its walls, its dimensions, the kind 
of gas, and the expansion ratio for the nozzle. If 
the nozzle passes the critical mass flow rate then 
C4 depends only upon the conditions upstream 
to the throat section. For large nozzles the 
discharge coefficient is usually close to unity, 
while for small nozzles C, can be smaller than 
unity. 


If there is little or no reassociation of 
combustion products as a gas flows through a 
nozzle, the values of Cg will range from 0.93 to 
1.0 depending upon the configuration of the 
nozzle and the density of the flowing gas. If 
there occurs significant reassociation of the 
dissociated combustion products, C; may be 


appreciably larger than unity, app ‘oximately 
1.15792!, 


4-6 MASS FLOW RATE FOR A NOZZLE 
OPERATING WITH ADIABATIC FLOW 
AND WALL FRICTION 


It is convenient to express the mass flow rate 


through a real nozzle, denoted by m, in terms of | 
the stagnation conditions at the entrance cross**> 


section of the nozzle, the discharge coefficient 
Cy and the throat area Ay. Thus 


m= CaA,0¢ut (4-38) 
Hence 
m= CyA; ,/2 (h° — hy) (4-39) 


If the flowing fluid is an ideal gas, then Eq. 
4-39 transforms into (see Eq. 4-10) 


=. POA 


RTO 


(4-40) 
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The maximum flow rate, denoted by Max? 
for a real nozzle occurs when y = w* (see Eqs. 
4-16 and 4-19). Hence 


1 
F 2 y-1 
~ O | | 7 2 rw, 


The above equations—since they involve 
only the stagnation conditions P° and TY, the 
throat area Ay the gas constant R, and its 
specific heat ratio y— apply to both converging 
and converging-diverging nozzles. 


4-7 NOZZLE DESIGN PRINCIPLES 


Propulsive nozzles for rocket engines and 
air-breathing engines are usually axisymmetric 
and have circular cross-sections. The nozzles for 
rocket engines—and also for ramjet and turbojet 
engines for propelling vehicles at supersonic 
speeds—are of the converging-diverging type. For 
the purpose of studying the flow in such a 
nozzle it is convenient to divide a converging- 


diverging nozzle into the following three por- 
tions: 


(a) the converging portion wherein the flow 
- ts subsonic (M<1). 


(b) the throat section, wherein the flow is 
sonic (M,=1 ). 


(c) the diverging portion, wherein the flow 
is supersonic (M>1). 


It is assumed in the discussions which follow 
that the nozzle operates with complete nozzling; 
1.e., the expansion ratio r, i. ss than the critical 
value (see Eq. 4-12). Although the remarks will 
be concerned primarily with converging- 
diverging nozzles for rocket engines, they also 
apply to such converging-diverging nozzles for 
air-breathing engines. 
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4-8 NOZZLE DESIGN CONFIGURATIONS 


The objective in a nozzle design problem is 
to determine the physical dimensions of the 
nozzle in terms of prescribed quantities. In 
general, the following are prescribed: 


(a) The thermodynamic properties of the 
flowing gas; these include its specific 
heat at constant pressure c_,, its specific 
heat ratio y=c,,/c,, its molecular weight 
m,.and the pertinent chemical equi- 
librium constants. 


(b) The total temperature T° and the total 
pressure P° of the gas entering the 
nozzle. 


(c) The equation of state for the gas; for 
rocket motor nozzle design the perfect 
gas law P/p =RT gives satisfactory results 
in most Cases. 


(d) The ambient pressure P. into which the 
nozzle discharges the propellant gas. For 
a rocket nozzle which is to operate over 
a rance of altitudes, the design value for 
the back pressure is usually determined 
as a separate problem which Is related to 
Optimizing some operating conditions; 
e.g., the “bumout velocity” of a rocket- 
propelled missile (see par. 5-9.2). 


(e) Physical operating conditions; e.g., one 


or more of the following may be 
prescribed: 


(1) Total thrust of the nozzle 
(2) Overall weight of the nozzle 
(3) Overaii length of the nozzle 
(4) Exit area of nozzle 


(5) Parallel flow at nozzle exit cross- 
section 
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(6) The throat area or mass flow rate 


(7) The nozzle contour for maximizing 
the thrust, for either a given nozzle 
length or weight. 


In the initial design of a nozzle the effects of 
heat loss due to radiation, incomplete com- 
bustion, changes in the chemical properties of 
the flowing gas as it expands, and wall friction 
are neglected. The nozzle contour so determined 
is corrected subsequently for those secondary 
effects. In other words, the initial design is based 
on the assumption of potential flow, and the 
contour based on that assumption is called the 
potential wall contour. 


The design of a converging-diverging pro- 
pulsive nozzle involves the determination of the 
following: 


(a) The shape of the converging portion 


(b) The shape and dimensions of the throat 
section 


(c) The configuration of the diverging 
portion 


(d) The corrections for boundary layer and 
other effects to the potential wall con- 
tour. 


The flow in the converging portion is an 
accelerating flow and is subsonic (M<1) until 
the throat section, the minimum flow area, is 
reached. Because the subsonic flow in the 
converging portion is governed by elliptic type 
partial differential equations, its contour is not a 
solution of those equations that is uniquely 
dependent upon the initial flow conditions. 


Tr: exact geometry of the converging 
portion of either a converging or a converging- 
diverging nozzle is not too critical because of the 
favorable (negative) pressure gradient. All that is 
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required is that the contour and the transition to 
the throat be smooth’. Fora correctiy designed 
nozzle having a well-polished interior surface the 
velocity coefficient will range from ¢ = 0.96 to 
0.98. A_ well-rounded converging portion, 
though not essential, decreases the length of that 
pert of the nozzle. The throat section can be 
quite short. 


Major differences in nozzie configurations 
are concerned with the design of the diverging or 
supersonic flow portion of the nozzle. The 
different nozzle configurations which have 
either been applied or considered for propulsive 
nozzles are: 


(a) Conical Nozzle 


(b) Contoured or Bell-shaped Nozzle 





(c) Annular Nozzle 
(d) Plug Nozzle 


(e) Expansion Deflection or E-D Nozzle. 
4-8.1 CONICAL NOZZLE 


Until a few years ago the problem of 
designing a rocket motor nozzle was based on 
the one-dimensional conical flow approxi- 
mation. Investigations indicated that an 
optimum divergence angle could be specified for 
a conical nozzle that would minimize pressure 
losses and achieve satisfactory performance over 
an anticipated range of exit pressures. 


Fig. 4-14 illustrates the general features of a 
conical nozzle employed in rocket jet pro- 
pulsion. The semiangle of the convergence, 
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Figure 4-14, General Characteristics of a Conical Converging-diverging Nozzle 
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denoted by 8, is usually tetween 12° and 35°. 
The semiangle of the divergence, denoted by a, 
should not exceed 18° to avoid the jet separating 
from the wall‘of the diverging (supersonic) 
Portion of the nozzle. From the viewpoinis of 
nozzle weight and heat lasses, the semi- 
divergence angle should be as large as is per- 
missible. Experiments indicate that the most 
favorat ¢ value of a for a rocket motor nozzle is 
betwe..1 12° and 15° 27. 


The conical nozzle finds a wide application 
in rocket engines employed in Army weapons, 
particularly, where low fabrication cost is 
important and the nozzle area ratio (A,/A;) is 
relatively small. : 


The design of a conical nozzle is based on 
One-dimensional gas dynamic theory. For the 
initial expansion from the throat, where M=1, to 
the diverging portion, where M>1, almost any 
smooth curve is satisfactory. Two widely used 
designs are employed‘ for the throat: (1) a 
circular arc having a radius equal to approxi- 
mately R,/2, where R, is the throat radius, and 
(2) a sharp corner. 


The design of the supersonic diverging 
conical portion can be done nondimensicnally 
and scaled to any desired value of thrust. Only 
two geometric parameters are involved: the 
Semidivergence angle a ard the nozzle length. To 
minimize the nozzle weight and reduce the 
friction losses, a short nozzle having a large 
divergence angle would appear desirable. The 
larger the divergence angle, however, the larger is 
the thrust loss due to nonaxial flow in the exit 
plane A, (see Fig. 4-16). A nozzle having a= 15” 
is commonly termed a 15° nozzle and has be- 
come almost a standard tor propulsive nozzles 
because it achieves a good compromise between 
the effects discussed above. 


4-8.1.1 THRUST EQUATION FOR A 
CONICAL NOZZLE 


The axial thrust F obtainable from a conical 
nozzle can be determined by integrating the rate 
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at which momentum crosses a control surface at 
the nczzle exit, as illustrated in Fig. 4-15. Let 


m = mass rate of flow of gas through the 
nozzle 


A, = area of the spherical exit surface 


u, = adiabatic velocity of the gas crossing 


As 


0 
F = | [Giju,) + PP, dA, (4-42) 


It is evident from Eq. 4-42 that, because of 
the radial flow in the diverging portion of the 
nozzle {see Fig. ‘4-15), the velocity Ue and the 
Static pressure P, are referred to the spherical 
control surface A, and not to the nozzle exit 
pianar area A,. 


It is convenient to express the thrust in 
tesms of tre adiabatic exit velocity u, (see Eq. 
4-34), the cxit area Ag, and the static pressure 
P.. To do this, we introduce the divergence loss 

a 23,24 
coejficiernt 


Hence* 

F=) (mu,t P,-P, ) Ae] (4-43) 
where 

A= = (1 + cosa) (4-44) 
and 

Up = bu, 7 $2(h —hg ) (4-45) 





*When the divergence loss coefficient was first derived, see 
Reference 23, tt was applied only to mu_ and not to 
(P. - PA, The resulting thrust equation is F = Amu, 


+ (P. - PAS: The latter equation is still widely used. 


4-31 


re hh ¢ es eo, : 
ak a vii) Re i Ng ow ‘ 


oe, 








a ting. om tes Pao ee 2. 





OTT AEN TIN te teeta | 


MarYs 


PANS PTS OP 


TR ate Laer EE Ae EE eel aan 


we AA 


ike 


re 
t* 
b 
r¢ 
kK: 
6 
. 
7 
t,- 





rr 
~~ 


oy A 
<? ts > e . IQ oy. 


CETERA HTS 


Sens 


| ee St To Sins 
J TR Fae GEE OR RITE Ag 1 ATT AR Sie ee 


LRN te aA ND ee NEO THA 8 EAN -VOTDPP UMP O ERCP S 


AMCP 706-285 


THROAT 


R, --5 \ § 


Fy 
DIVERGING _ 
PORTION aid 
Ue 
Z | 
ot As | 


| M>t “e| P. 
eectinemereiorecccoccimerenpanancnoa 


y 


Figure 415. Radial 


x 


Flow in a Conical Nozzle 


we R; is the throat radius. For an expansion 


: Fig. 4-16 presents ) as a function of a. 

| from 300 psia to 0.5 psia, the required dimen- 
When P >P,, the nozzle is said to be sionle\s length increases to L/Ry = 15.7. Conical 
; underexpanded and develops less than the maxi- nozzies\ are not well suited to large expansion 
imum possible thrust. If Pe<Pg, the nozzle is  Tatios. *\ 

; overexpanded and there are losses in thrust due : 

{ is shiinew: thc wank. Homme te the ed 48.1.2 FACTORS FOR DETERMINING ADE- 
| CY OF A CONICAL NOZZLE 
section. Maximum thrust is obtained only when QUA oo a ” 





P,=P 


If the nozzle must be operated over a range 
of altitudes (or back pressures), the design point 
altitude is selected so that the thrust is close to 
the maximum for the widest anticipated oper- 


ating range 


The optimum semidivergence angle for a 
conical nozzle is approximately 15°. If such a 
nozzle is to expand air (y=1.40) from P =300 
psia to P,=14.7 psia, the required dimensionless 
length for the diverging portion of I./R,=2.5 
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The — factors should be considered 
in determining the adequacy of a conical pro 
pulsive nozzle: . 
(a) The design\ altitude. For operation at 
close to sea level altitudes, the perform- 
ance characteristics of a 15° conical 
nozzle are noi significantly different 
from those obtainable with more elabo- 
rate and expensive designs. For high 
altitude operations\other designs yield 
Significant réductions\in size and weight =< 
and may yield an increased thrust _- 
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(b) Effects due to changes in the properties 


of the propellants. The main dirriculty 
encountered in determining the effects 
due to the properties of the propellant 
gas changing as it expands in the nozzle 
arises from the lack of knowledge of the 
chemical reaction rate equations. Con- 
sequently, it is customary to consider 
the following two limiting cases. 


(1) Frozen flow, which assumes the 
composition of the gas to be identi- 
cal at all sections of the nozzle. 


(2) Equilibrium flow, which assumes 
that the gas is in equilibrium at the 


calculated values of pressure and 


temperature at every point in the 
flow. 


The actual condition is between the 
above limiting cases’*. The effect of the 
Changing properties of the gas can be 
taken into account if equations for the 
change are available. The algebraic work 
is complicated but computer solutions 


» can be readily obtained. 


(c) Effect of heat transfer. The accurate 


determination of the optimum wall con- 
tour should take into consideration the 
effect of heat transfer upon the pro- 
perties of the propellant gas. In many 
cases, however, the flow may be assumed 
to be adiabatic without introducing a 
Serious error. " | 


(d) Effect of wall friction. Current methods 
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for calculating the effect of wall friction 
are empirical’ °. The application of the 
techniques of boundary layer theory 
appears to be the most successful of the 
analytical methods for predicting the 
effects of friction. It permits separate 
solutions of the potential and wall fric- 
tion problems. The potential flow 


eo mee 
-_—_ Faroe 


solution is employed as a boundary 
condition in analyzing the wall friction. 


(e) Cost and ease of fabrication. Any gains 
in performance obtainable from more 
complicated and expensive nozzle con- 
figurations must be justified economi- 
cally. 


Although the above factors apply specifi- 


cally to conical nozzles they apply in a general . 


way to all nozzles. 


4-8.2 CONTOURED OR BELL-SHAPED 
NOZZLE 


Fig. 4-17 iliustrates schematically the general 
features of a contoured, also called bell-shaped, 
nozzle. The nozzle wall is contoured in such a 
manner that the exit flow is nearly axial thereby 
reducing the thrust loss due to radial flow that is 
inherent to a conical nozzle. Fig. 416 illustrates 
one-half of such an axisymmetric nozzle. The 
throat radius is denoted by Ry, and the radius of 
the exit section A, is R,” 7 


From the viewpoint of flow analysis the 


“contour nozzle compnises a subsonic flow con- 


verging portion, a ¢ransonic flow portion in.the 
vicinity of the throat, and a supersonic expan- 


. Sion portion. 


The converging portion is Gesigned so that it 
produces an irrofational subsonic flow that can 
be expanded in the supersonic portion in a 
prescribed manner’ °’*’'°°. The transition from 


‘the subsonic flow into a supersonic flow must be 


smooth and depends upon: (1) the design of the 
throat section, which is a region of transonic 
flow, and (2) a mixture of subsonic and super- 
sonic flows that has no exact mathematical 
solution. The design of the supersonic expansion 
portion depends, however, upon the solution of 
the transonic flow or initial expansion section, 
denoted by I in Fig. 4-17. Several approximate 
methods have been developed for obtaining 


-_—— «e+ pm om O*- 2 - 





4 
f 
j 
t 
| 


me e-em eet —_--=- 


a ee 








_— -— woe - - 


pe — any Gee wr om ou & pews -* 


-e°-2 ‘=e 


= ee een oe oe oe en ee 
= oe oe ee om an wes & oe Oy 


Re ES oe TPC Danger err en ae FO TN VE OEP IN TE OMT OF OPO Se IIE IT SN nun 0 OAPI AY ERO ERED SENN ROE G LAPT TT PORT YW CRETE OO IY VES NIN REO eR Ee TRPRE AGRO TT TOOT Tf FOS PRIN PPE 
, . 4, . r ‘ 4 : a y 
vue ae . . al : 
- y, Die 0 ’ ¢ Noa 8 Lid v Rien 





SUBSONIC SUPERSONIC 
CONVERGENT te, HROAT | —___________— EXPANSION peste 


PORTION SEC TION — PORTION 
EXPANSION STRAIGHTENING ————-————} 
SECTION SEC TION () 








INFLECTION 
POINT 
IT 


r 
G DESIGN R 
CHARACTERISTIC e 
T 
r I I 
m 
es R KERNEL ; 


p° 
eee dS ee a nen ees 
LINE 0 C 


x< 


jer Sa v- 


Sty 


Figure 4-17. General Features of a Contoured or Bell-shaped Nozzle 
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either an approximate soluuon to the transonic 
flow problem* 1632533 or for circumventing the 
transonic flow problem in the design of the 
supersonic flow portion of the nozzle’ ’. 


It is apparent from Fig. 4-17 that the design 
of the wall contour of the supersonic portion 
involves the design of the initial expansion 
section TI and the design of the flow straighten- 
ing section IE. The details of the nozzle design 
are based on the application of the method of 
characteristics to the flow and is beyond the 
scope of this handbook; for detailed information 
on the method of characteristics see References 
27, 37, 39, 40, 41. 


The problem of determining the nozzle wall 
contour for an axisymmetric nozzle that will 
maximize the thrust for a nozzle of given length 
has been solved by Reference 35. The results 
indicate that the contour for the initial 
expansion section TI in Fig. 417 should be 
designed to cause as rapid as possible shock-free 
expansion of the gas. The contour TI has a wali 
angie of 28° to 30° that turns the gas away from 
the nozzle axis’®. The contour IE of the flow 
straightening section redirects the flow toward 
the nozzle axis and, inthe nozzle exit plane, the 
wall makes an angle of 10° to 14° with the 
nozzle axis depending upon the nozzle length 
and its alea ratio Ag/A¢. 


The step-by-step determination of the super- 
sonic flow field is widely employed in propulsive 
nozzle design. Several Government agencies and 
industrial companies have developed computer 
programs for designing contour type 
converging-diverging nozzies. In general, such 
nozzles are used in large thrust chemical rocket 
engines. 


4-8.3 ANNULAR NOZZLE 


Fig. 4-18 illustrates schematically the es- 
sential features of an annular nozzle. In this 
nozzle the throat secticn is an annulus formed 
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between an external diverging housing and a 
central converging conical plug. The gases ex- 
pand in the diverging annular passage formed 
between the diverging external housing and the 
converging conical plug. The assembly 1s 
assumed to be axisymmetric. 


If the vertex of the conical plug lies in the 
exit plane Ag, the divergence loss coefficient for 
the annular nozzle illustrated in Fig. 4-18 is 
given by ; 


€ 


; + (sin a + sin 8)? 


i (446) 
(a + 8)sin 8 + cos B — cos a 

For the area ratios A,/A, and nozzle length, 
the thrust loss due to radial flow is smaller than 
for the equivalent conical nozzle. 


By contouring the nozzle walis the thrust 
loss due to flow divergence can be further 
reduced and the nozzle length decreased some- 
what. The mathematical procedure for 
optimizing a contoured annular nozzle is more 
complicated than it is for a conventional 
bell-mouth nozzle because the inner and outer 


wall contours have to be optimized simulta- 
neously. 


4-8.4 PLUG NOZZLE 


The nozzles discussed up to this point have 
the common feature that the expansion of the 
flowing gas is regulated entirely by the con 
figuration of the walls wetted by thut gas; the 
ambient static pressure P, has no effect upon 
the flow inside the nozzle. As the ambient 
pressure is reduced, by operating the nozzle 
above the design altitudes the propellant gas can 
be overexpanded, and if P, is sufficiently small 
the overexpansion phenomena (see par. 4-3.2.2) 
could cause the flow to separate from the walls 
of the nozzle with an a attendant loss in thrust. 


In recent years, considerable effort has been 
expended upon developing propulsive nozzle 
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Figure 4-18. Essential Features of an Annular Nozzle 
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designs which utilize the ambient static pressure 
P, for regulating the flow so that it adjusts itself 
automatically to the prevailing ambient pressure. 
Such nozzles are frequently called self-adjusting 
nozzles and there are two principal types: (1) 
the plug nozzle, and (2) the expansion- 
deflection nozzle’ *. The plug nozzle is discussed 
in this paragraph and the expansion-deflection 
nozzle is discussed in par. 4-8.S. 


The design of a plug nozzle is based upon 
the application of the Prandtl-Meyer type of 
expansion to an expanding flow (see par. A-13); 
the details of plug nozzle design are discussed in 
Reference 42. Fig. 4-19 illustrates schematically 
the basic features of a plug nozzle design giving 
full external expansion of the gas. There are 


several variations of the basic concept. The 
throat of the nozzle is the annulus between the 
plug and the outer diameter. The propellant gas 
is discharged in an inward direction. The flow of 
the exhaust gas stream is controlled by the 
expansion waves emanating at the cowl-lip in 
much the same manner as in a Prandtl-Meyer 
expansion over a corner. In the plug nozzle, 
however, the flow is three-dimensional instead 
of two-dimensional and the turning of the gas is 
effected by the plug. 


The contour of the plug can be designed so 
that the gas flows parallel to the axis of the plug 
after it has been expanded to the ambient 
pressure P,. In that case external diameter of the 
nozzle (2R,) would be the same as that for a 
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Figure 4-19. Essential Features of a Plug Nozzle 
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bell-type nozzle giving uniform axial flow at its 
exit plane. The plug nozzle, however, would be 
shorter. Furthermore, because of the free jet 
flow there is a self-adjustment of the flow to 
variations in the ambient pressure P.. Con- 
sequently, a plug nozzle, when operated at less 
than the design pressure ratio, gives better thrust 
performance than the corresponding con- 
ventional nozzle* ° 


Studies of the effect of the contour of the 
plug and the plug length are reported in Refer- 
ences 44, 45, and 16. The results indicate that 
no serious penalty in thrust performance is 
incurred if the contoured plug is replaced by a 
simple conical plug. Conical plugs having in- 
cluded angles of 60° to 80° give performances 
close to 99 percent of that for a contoured plug 
and have the same insensitivity to variations in 
the ambient pressure P,. 
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4-8.5 EXPANSION-DEFLECTION OR E-D 
NOZZLE 

Fig. 4-20 illustrates schematically the essen- 
tial features of the E-D nozzle“ ’. In this nozzle 
design the annular throat is formed by a 
contoured nozzle wall and a short internal plug. 
The propellant gas is discharged from the throat 
in a radially outward direction and expands 
around the shoulder of the central plug. The 
contoured nozzle wall turns the expanding gases 
so that they cross the exit plane A, in a 
substantially axial direction. 

The flow in an E-D nozzle, like that in the 
plug nozzle, is insensitive to vaiations in the 
ambient static pressure P,. The base pressure at 
the base of the central plug limits the amount of 
expansion of the exhaust gas of the shoulder of 
the plug, thereby causing self-adjustment of the 
flow. For detailed discussion of the flow inside an 
E-D nozzle the reader isreferrred to Reference 47. 
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Figure 4-20. Essential Features of an Expansion-deflection or E-D Nozzle 


4-39 


tee 1s. 


viens 








1 eer eee AU Te OOO NG SP. LY “EEA PITT NG ROE PI I NENT , ! PON ol Mbaiaa es * 








VAS Eye ea” wervrwe-. 


Meyer: 


AMCP 706-285 


REFERENCES 


1. M.J.Zucrow, Aircraft and Missile Pro- 


pulsion, John Wiley and Sons, Inc. 1958. 


2. L. Crocco, “One-Dimensional Treatment of 


Steady Gas Dynamics”, Section B, “Fund- 
amentals of Gas Dynamics’, High Speed 
Aerodynamics and Jet Propulsion, 
Princeton University Press, 1958. 


3. H. W. Liepmann, Elements of Gas 
Dynamics, John Wiley and Sons, Inc., 
1957. 


4, *R. von Mises, Mathernatical Theory of 
Fluid Flow, Academic Press, Inc., 1958. 


5. W. J. Hesse and N.V.S. Mumford, Jet 
Propulsion for Aerospace Application, 
Pitman Publishing Corporation, 2nd Ed., 
1964, Chapters 3 and 5. 


6. G. P. Sutton, Rocket Propulsion Elemeits, 
John Wiley and Sons, Inc., 3rd Ed., 1963. 


7. M. Summerfield, C. R. Foster and W. G. 
Swan, “Flow Separation in Overexpanded 
Supersonic Nozzles,” Jet Propulsion, 
September-October 1954, p. 319. 


8. A. Stodola, Steam and Gas Turbines, 
McGraw-Hill Book Co., Inc., 1927. 


9. C. R. Foster and F. B. Cowles, Experi- 
mental Determination of a Static Pressure 
Distribution in an Overexpanded Rocket 
Motor Exhaust Nozzle, JPL—CIT Prog. 
Report 4-125, March 21, 1951. 


10. L. Green, “Flow Separation in Rocket 
Nozzle,” ARS Jour., January-February 
| 19S3, p. 34. 


4-40 


11. 


12: 


13. 


14. 


15. 


16. 


17. 


18. 


20. 


21. 


D. Altman, J. M. Carter, S. S. Penner and 
M. Summerfield, Liquid Propellant 
Rockets, (Princeton Aeronautical Paper- 
backs), Princeton University Press, 1960. 


C. E. Campbell and J. M. Farley, Perform- 
ance of Several Conical Convergent- 
Divergent Rocket-Type Exhaust Nozzles, 
NASA TN D467, September 1960. 


C. W. Smith, Aircraft Gas Turbines, John 
Wiley and Sons, Inc., 1956. 


R. E. Gray and H. D. Wilsted, Performance 
of Conical Jet Nozzles in Terms of Flow, 
NACA TN 1757, November 1948. 


W. O. Meckley, “Jet Nozzles for Aircraft 
Turbines” Aero. Eng, Rev., October 1950, 
p. 696. 


R. P. Fraser, P. N. Rowe and M. O. Coulter, 
“Efficiency of Supersonic Nozzles for 
Rockets and Some Unusual Designs”’, /nst. 
Mech. Eng’rs., 1957. 


W. T. Snyder,- “‘Nonisentropic Nozzle 
Flow,” ARS Jour., March 1960, p. 270. | 


G. V. R. Rao, “Recent Developments in 
Rocket Nozzle Configurations,” ARS 
Jour., November 196], pp. 1488-1494. 


. E. L. Knuth, “Optimum Contours for 


Propulsion Nozzles,” ARS Jour., October 
1960, p. 983. 


R. A. A. Bryant, ‘‘Adiabatic Nozzle 
Flows,” ARS Jour., June 1961, p. 828. 


M. J. Zucrow, Aircraft and Missile Pro- 
pulsion, John Wiley and Sons, Inc., Vol, 2: 
1964, Ch. 10. 


POO TOR) nn 


, eoapliipiicoe th | 


Ae. 











I BIE SONA FOI OP APE SG AES ABSIT COCCI EAD OE NBA YET ANE OTE OP A OTRO EL ~ LVR RP POO TO ETN AE AT POST A OTE REIT PY FIG 8 UNIVE TAI EVD | 2 
\ 





22. 


23. 


24. 


25. 


26. 


27, 


28. 


29. 


AMCP 706-285 


REFERENCES (Continued) 


M. Barrere, A. Jaumatte, B. F. DeVeubeke 
and J. WVanderherckhave, Rocket Pro- 
pulsion, Eiseiver, New York, 1960. 


F. Malina, “Characteristics of the Rocket 
Motor Unit Based on the Theory of Perfect 


Gases,’ J. Franklin Inst., Vol. 230, 1940, . 


p. 433. 


E. M. Landsbaum, ‘‘Thrust of a Conical 
Nozzle”? ARS Jour., March 1959, p. 212. 


F. J. Krieger, Chemical Kinetics and 
Rocket Nozzle Design, USAF, Project 
Rand, R-203, August 15, 1960. 


J. H. Ahlberg, S. Hamilton D. Migdal and 
E. N. Nilson, ‘““Truncated Perfect Nozzles in 
Optimum Design,” ARS Jour., Vol 31, 
May 1961, p. 614. 


H. D. Thompson, Design Procedure for 
Optimization of Rocket Motor Nozzles, 
Report No. TM-63-6, Jet Propulsion 
Center, Purdue University, May 1963. 


K. O. Fnedrichs, Theoretical Studies on the 
Flow through Nozzles and Related Prob- 
lems, NRDC, 82.1R, Applied Math. Group, 
New York University, April 1944. 


K. O. Friedrichs, On Supersonic Compres- 
sors and Nozzles, AMP Report 82.2R, 
Supplement to AMP Report 82.1R, AMG, 
New York University, October 1944. 


30. R. J. Baron, Analytical Design of a Family 
of Supersonic Nozzles by the Friedrichs 
Method, WADC Tech. Report 54-279, 
Naval Supersonic Laboratory, MIT, June 
1954. 


31. R. Sauer, General Characteristics of the 
Flow Through Nozzles at Near Critical 
Speeds, NACA TM No. 1147, June 1947, 
pp. 1-18. 


32. K. Ostwatitsch and W. Rothstein, Flow 
Pattern in a Converging-Diverging Nozzle, 
NACA TM No. 1215, March 1949, pp. 
1-43. 


33. S. G. Hooker, Flow of a Compressible 
Fluid in the Neighborhood of the Throat of 
a Constriction in a Circular Wind Channel, 
ACR REM 1429, 1931. 


34. K. Foelsch, “The Analytical Design of an 
Axially Symmetric Laval Nozzle for a 
Parallel. and Uniform Jet,” Jour. IAS, Vol. 
16, March 1949, p. 161. 


35. G. V. R. Rao, “Exhaust Nozzle Contour 
for Optimum Thrust,” Jet Propulsion, Vol. 
28, June 1958, p. 377. 


36. G. V. R. Rao, “Recent Developments in 
Rocket Nozzle Configurations,” ARS 
Jour., November 1961, p. 1488. 


37. A.H. Shapiro, The Dynamics and Thermo- 
dynamics of Compressible Fluid Flow, 
Vols. 1 and Ii, Ronald Press, 1958. 


4-41 


melt. ee a oe Ue oth, i = Be 8 eee, we Oem we Oe hee ee = ore 








| 
1 


== oe eee td _é - el a i cee eet Berend te aes Le. am ee ates 


= = ae: ae - et ot, genes 


oe epamp-- w= -=- 


- — 


' 
= 
3 
-_ 


AMCP 706-285 


38. 


39. 


40. 


41. 


42. 


REFERENCES (Continued) 


R. Courant and K. O. Friedrichs, Super- 
sonic Flow and Shock Waves, Interscience 
Publishers, Inc., Vol. 1, 1948. 


J. D. Hoffman, An Analysis of the Effects 
of Gas-Particle Mixtures on the Perform- 
ance of Rocket Nozzles, Report No. 
TM-63-1, Jet Propulsion Center, Purdue 
University, Jan. 1963. 


R. von Mises, Mathematical Theory of 
Compressible Fluid Flow, Academic Press, 
Inc., 1958. 


A. R. Graham, NASA Plug Nozzle Hana- 
book, General Electric Company, Contract 
NAS 9-3748, New York State Atomic and 
Space Development Authority. 


K. Berman, “The Plug Nozzle: A New 


Approach to Engine Design,” Astronautics, 
April 1960. 


43. 


45. 


47. 


‘H. G. Krull and W. T. Beale, Effect of Plug 


Design on Performance Characteristics of 


- Convergent-Plug Exhaust Nozzles, NACA 


RME 54 Ho5, October 1954. 


H. G. Krull, W. T. Beale and R. F. 
Schmiedlen, Effect of Several Design Vari- 
ables on Internal Performance of 
Convergent-Plug Exhaust Nozzles, NACA 
RME 56, October 1956. 


G. V. R. Rao, “Spike Nozzle Contour for 
Optimum Thrust,” Ballistic Missile and 
Space Technology, Vol. 2, C. W. Morrow, 
Editor, Pergamon Press, N. Y., 1961. 


G. V. R. Rao, “Analysis of a New Concept 
Rocket .Nozzle,”’ Progress in Astronautics 
and Rocketry, Vol. 2, 1960, p. 669. 


G. V. R. Rao, “The E-D Nozzle,”’ Astro- 
nautics, September 1960. 








CHAPTER § 


Lettigge Spe eee Bek E S e AEe “ERATE Ep - 


AMCP 706-285 


PERFORMANCE CRITERIA FOR ROCKET PROPULSION 


5-0 PRINCIPAL NOTATION FOR CHAPTER 5* 


m 


etal 


m 


acoustic speed 


cross-sectional area perpendicular to the 
flow 


area Of exit cross-section of the exhaust 
nozzle 


area Of the cross-section of the throat of 
the exhaust nozzle 


effective jet or exhaust velocity for the 
gas ejected from the exhaust nozzle 


characteristic velocity \for a chemical 
rocket motor 


drag coefficient 

thrust coefficient = F/A,P. 
mass flow coefficient = m/A;P. 
aerodynamic drag 

thrust 


local acceleration of gravity, ft/sec? 


gravitational conversion factor = 32.174 
slug-ft/Ib-sec? | 


specific impulse, sec 
total impulse of a rocket system 


aerodynamic lift force 
mass, slug 


molecular weight 


*Any consstent set of units may be employed: the units 
presented here are for the American Engineets System (see 


par. 1-7). 


mp 


mass of propellants prior to initiation of 
burning 


mass rate of flow, slug/sec 


mass of rocket-propelled vehicle at take 
off 


mass of rocket-propelled vehicle at 
instant when al! propellants are con- 
sumed 

Mach number 

static pressure, psia 

static pressure, psfa 

ambient static pressuie 

static pressure in the inlet cross-section 
of the rocket nozzle (the combustion 


pressure ) 


staiic pressure in the exit cross-section 
Ag of a rocket nozzle 


jet power, ft-lb/ sec 


stagnation pressure of the gas in the 
inlet cross-section of the rocket nozzle 


time 


burning time for a rocket motor or 
engine 


static temperature, °R 
combustion temperature measured in 


the inlet cross-section of the rocket 
nozzle 


static temperature of the gas in the exit 
cross-section Ae of the rocket nozzle 
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T; static temperature of the gas in the 
throat cross-section Aj; of the rocket 
nozzle 

T* static temperature in cross-section A* 

T° stagnation or total temperature 


u velocity parallel to the x-axis 


Ue velocity of gas crossing exit cross 
section A, of the rocket nazzle 


V linear velocity of a rocket-propelled 
vehicle 


Vbi ideal burnout velocity 

w weight, lb 

W gravitational force, Ib 

Ww weight rate of flow, Ib/sec | 
We engine weight 
W propellant weight 


p 
GREEK LETTERS 
a semidivergence angle for a _ conical 


rocket nozzle 
a angle of attack 


B semiconvergence angle for a conical 
rocket nozzle 


bp propellant loading density 
flow divergerice loss coefficient 
A vehicle mass ratio = m, fen 
E propeilant mass ratio = m,/m, 


T specific engine weight for -chemical 


or nuclear (heat-transfer) rocket 
engines 
Te specific engine weight for electric 


rocket engine 


5-1 INTRODUCTION 


In most applications of chemical rocket 
propulsion the objective is to produce a large 
thrust for a specified time, called the Durning 
time. Consequently, the criteria of performance 
for a rocket engine are related to its thrust and 
burning time rather than to its thermal ef- 
ficiency and thrust power (see par. 2-5.1). In 
most applications the rocket engine is operated 
under steady state conditions so that the com- 
bustion parameters at the entrance section of 
the rocket nozzle may be assumed to be 
constant; i.e., the values of Po To Pe and Uo 
do not change with the burning time tp. 


Fig. 5-1 illustrates the thermodynamic con- 
ditions at the inlet and exit sections of a conical 
rocket nozzle. Unless it is specifically stated to 
be otherwise,. steady state operating conditions 
are assumed. 


5-2 EFFECTIVE JET (OR EXHAUST) VELOC- 
ITY (c) 


When a rocket engine (liquid or solid pro- 
peliant) is fired statically, the thrust F is readily 
measured. Furthermore, the average rate at 
which the propellants are consumed (m,/tp) can 
be determined with good accuracy. It is unfea- 
sible, however, to measure the exit pressure P. 
with accuracy (see Fig. 5-1). From Eq. 4-43, the 
thrust of the rocket engine is given by (see par. 
4-8.1.1) 


F=) [mtg + (P,—P,) Ae | (5-1) 


where m is the rate at which propellants are 
consumed, and Ue = Aue. 


Introducing the effective jet velocity c (see 
par. 2-4), one can wnte 


c (5-2) 


& |=: 





ae.) a we, 


we he 








test of a rocket engine or motor one com- 
putes the effective jet velocity c and not 
the exit velocity Ue: 


5-3 SPECIFIC IMPULSE (5) 

By definition, the specific impulse ly is 
the thrust developed in burning one pound 
(weight) of propellants. Hence 
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where w is the weight rate of propellant F 1 t 
L consumption, Hence Isp = vw Ww Jf Fdt (sec) (5-4) 
FMB r. _, 
c= a = ar [iiu, + (P.—P,) Ag| (5-3) 
It should be noted that from the firing where W, is the total weight of propellants 
' consumed (assuming constant gravitational 


attraction) in the burning time tp = Jdt and 
w = dw/dt,is the corresponding weight rate of 
propellant consumption. 


The specific impulse and the effective jet 
velocity are related by (see Eqs. 5-3 and 5-4) 


Lop = C/8Q = F/w (fps) (5-5) 
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The specific impulse Loy like the effective 
jet velocity c— is basically a property of the 
propellants burned in the rocket motor. For a 
given propellant combination — fuel plus its 
oxidizer — the theoretical value of In denoted 
by if,» can be calculated by the methods of 
thermochemistry’. Because of heat losses, 
imperfect combustion of the propellants, fric- 
tional losses in the exhaust nozzle, and vari- 
ations in back pressure, the measured values of 

are somewhat smaller than IC‘ the latter 
assumes that the gases are expanded isen- 
tropically and. completely to the atmospheric 
back pressure. Well-designed rocket motors give 


values of sy ranging from 0.92 to more than 
0.98 of If... 


sp 

In the case of a solid propellant rocket 
motor the instantaneous rate of propellant 
consumption w cannot be measured. Conse- 
quently, the measured specific impulse is an 
average value calculated from the curve of thrust 
as @ function of the burning time, called the 
thrust-time curve, and the weight of the solid 
propellant consumed during the burning time. 


5-3.1 SPECIFIC PROPELLANT CONSUMP- 


TION (Wg) 


By definition w., is the weight of propel- 
lants (fuel plus oxidizer) consumed in producing 
an impuise of | lb-sec. Hence 


(5-6) 
5-3.2 WEIGHT-F LOW COEFFICIENT (C,,) 


It is convenient to express the weight rate of 
propellant consumption w in terms of the 
combustion pressure P., the throat area of the 
nozzle A,, and an experimentally determined 
weight-flow coefficient C,. By definition 


Cy = w/ (PAs) 


5-4 


(5-7) 


Curves of C,, as a function of P, for a 
given propellant combination give’ the 
information for determining the required 
weight rate of propellant consumption for an 
application of that propellant combination. 
The curves of C, = f(P,) are obtained from 
firings of small rocket motors. 


If the Mach number for the combustion gas 
entering the exhaust nozzle is larger than 
M=0.3, then the static values P, and T, 
should be replaced by their stagnation values 
(see pars. A-5.2.2 and A-%.2.3). 


5-3.3 MASS-FLOW COEFFICIENT (C,,) 


By analogy with Eq. 5-6, one obtains 
Cin = m/ (PpAy) = Cy/Z, 


§-4.1 THRUST COEFFICIENT (Cp) 


(5-8) 


In conducting a static firing of a rocket 
engine the following parameters can be mea- 
sured accurately with relative ease: the com- 
bustion pressure at the nozzle inlet P.» the 
thrust F, the area of the nozzle throat Ay 
before and after the firing test, and the weight 
rate of propellant consumption w = F/I,,. It is 
convenient, therefore, to relate F, ee and Ax4. 
Introducing the thrust coefficient Cp, defined 


by an equation analogous to Eq. 5-7, one 
obtains 


Cr =F/ (PAY) (5-9) 

Strictly speaking, the value of Ay that should 
ve used in Eq. 5-9 is the throat area during the 
firing run. Since that area cannot be measured, 
the value of A; used in the equation is one that 
is estimated from the value of Ay measured prior 


to the firing run and the temperature of the 
nozzle material. 


Curves of Cp as a function of P, obtained 
experimentally for several different mixture 
ratios r = W,/Wg and for different propellant 
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combinations, comprise the basic data for estab- 
lishing the throat area of the exhaust nozzle. 
When experimental data are unavailable, theo- 
retical values of Ce denoted by Cp, can be 
calculated by thermodynamic methods, see 
Chapter 6. 


5-4.2 RELATIONSHIP BETWEEN IS p> Cy» 
AND Ce 


From Eqs. 5-4, 5-7, and 5-9 it is seen that 


= CyA,PoIe, = CpAyPo (5-10) 


F= wep clsp 
Hence 
Isp = Ce/Cy (S-] 1) 


3-5 CHARACTERISTIC VELOCITY (c*) 


The characteristic velocity, denoted by c*, is 
frequently employed for comparing the per- 
formance of different rocket engines. This 
parameter measures the effectiveness with which 
the chemical reaction is accomplished in the 
combustion chamber. c* is defined by 


c*¥=¢/Cp (5-12) 


One of the advantages of employing c* as a 
performance criterion is that its experimental 
determination does not require measuring the 
thrust F. Substituting for Ce = F/(P.A,) into 
Eq. 5-12, yields 


c* = P Aye. /w = PAy/m (5-13) 


Basically, c* measures the effectiveness of 
the combustion process in the gas generator 
which supplies the propellant gas to the exhaust 
nozzle (see par. 1-6). Consequently, c* is related 


to the specific impulse IS: Thus 





I 
c* = c Fcesp . Fe CL Sc (5-14) 
Cr Cp Cy WepCr 


5-6 JET POWER (Pi) 


The power associated with the pro 
pulsive jet ejected from a rocket engine is 
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termed the jet power and is denoted by 
Pi. Thus 
P= mc? _—(ft-1b/sec) (5-15) 

In the case of electric rocket engines. for 
space propulsion it is useful to express P in 
kilowatts, the thrust F, and the specific impulse 
Isp: Thus 


P, = FI,,/45.8 (kw) (5-16) 


where F is in pounds and I in seconds. 


It is seen from Eq. 5-16 that for a fixed 
value of the jet power P. the specific impulse Isp 
varies inversely with the thrust F. 


$-7 TOTAL IMPULSE (I7) 


From Eq. S-4 the total impulse Iq, also 
called the impulse, is the integral of the thrust 
over the burning time tp. Hence, by integrating 
the thrust-time curve for a firing test over the 
burning time, one obtains 


'B 'B 
y= f Fat = f Ipwdt = Wi, (5-17) 
0 0 


It follows from Eq. 5-17 that if all other 
factors remain unchanged for a given rocket 
engine, the same total impulse can result from 
either a small thrust over a long time or from a 
large thrust over a short time. 2 


EXAMPLE S-1. 


A liguid propellant rocket motor is to be 
designed to burn RFNA and JP-4 ata mixture 
ratio Of 4.1 to 1. The motor is to develop 
30,000 lb thrust at standard sea level, when the 
combustion total pressure is 500 psia. Two small 
rocket motors are tested with the same propel- 
lants, and the data tabulated below are obtained. 


Po, psia «= F,ib Ain.” Wib/sec  Wo/we 
548 543 0.660 2.375 4.1 
478 §12 0.712 2.255 4.1 

5-5 
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Determine the required propelant flow rate for — 
the 50,000-lb-thrust rocket motor, the throat 
diameter of its exhaust nozzle, the charactenstic 
velocity, the effective jet velocity, and the 
specific impulse. | 


SOLUTION. 


From data obtained with small rocket motors: 


__F 
TFL BA, 


ve 
F2 478 (0.712) 


543 


~ §48(0.660) 


= 1.495 ; 


= 1.505 


Value of Cr at P, = 500 psia: by inter 
polation, Ce = 1.50. 


Weight flow coefficients: 


2.375 


= W 2 _2.375__ 
Cw 0.56 (548) 


Ae 


_ (2.255 
Gw2* 478 (0.712) 


= 0.00655 


= 0.0066 


Value of C,, by interpolation, is C,, = 0.00658. 


Required thioat area for exhaust nozzle: 





A,= —F_ = 50.000 
CrP. 1.5 (500) 


Required propellant flow rate: 


= 66.6 in.” 


w=C PA; = 0.00658(500)66.6 = 218 Ib/sec 


Characteristic velocicy: 


Effective jet velocity: 
Be 32.174(25,000) 
1UuY 
Check: Eq. 5-14 
c _ 7350 
Ch” 1.50 


= 7350 fps 


c¥= = 4880 fps 


5-6 
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5-8 WEIGHT AND MASS RATIOS 


Certain weight and/or mass ratios are em- 
ployed for evaluating the performance of a 
rocket-propelled vehicle. The gross weight or 
take-off weight of a fully loaded rocket- 
propelled vehicle, denoted by W,, is given by 


W, = Wetr + Wpay tWet Wp (5-18) 


where 


Weir = structural weight of the vehicle (includ- 
ing the control systems) 


Woay = the payload carried in the vehicle 
We = dry weight of the rocket engine 


Wp = weight of propellant 


For a liquid propellant rocket engine, 
We includes the weight of the propellant tank- 
age, gas generator equipment, inert gas storage 
system, turbopump, valves, plumbing, rocket 
engine controls, and rocket motors. The propel- 
lant weight W,, includes the weight of all the 
auxiliary fluids, if any are used, in the operation 
of the liquid propellant rocket engine. 


In the case of a solid propellant rocket 
engine, the engine weight Wr includes the 
weights of the cylindrical casing, fore and aft 
caps, exhaust nozzles, restriction (inhibiting) 
liner, insulation of the fore and aft cap, thrust 
termination equipment, and the means for 
achieving thrust vector control. 


In the case of an electric rocket engine the 
engine weight includes the weights of the power 
source, energy conversion equipment, acceler- 
ator or thrust chamber, propellant tankage, and 
engine control systems. 


$-8.1 PROPULSION SYSTEM WEIGHT (Wpo) 


The propulsion system weight is defined by 
Wps = We +Wy (5-19) 


< b> 
a 





5-8.2 SPECIFIC ENGINE WEIGHT (7) 


For either a chemical or a nuclear (heat- 
transfer) rocket engine, the specific engine 
weight is denoted by 7 which is defined by 


T= Wr/F (5-20) 


In the case of an electric rocket engine 
which is equipped with nuclear electric power 
plant, the specific engine weight is denoted by 
Te, where 


Te = We/P; (5-21) 
$-8.3 PAYLOAD RATIO (Wpay/Wo) 
By definition 
y W W 
Wouy =l]+ _s@t , _PS (5-22) 
0 W, W, 


In general, it is desirable that the payload 
ratio be as large as possible. 


5°8.4 PROPELLANT WEIGHT (W,,) 


The propellant weight W_ is the weight of 
the fuel plus oxidizer required to achieve a given 
flight objective in the powered flight or burning 
time tp. Hence 


W,, = Ftp/Isp (5-23) 


Eq. 5-23 shows that if the value of F and of 
tp are fixed, t. 1 W,, varies inversely with the 
specific impulse I,,,. Consequently, a large value 
for Lp is desirable. 


5-8.5 PROPELLANT MASS RATIO (¢) 


Consider a rocket-propelled vehicle, such as 
a missile, at any instant t=t during its powered 
flight i.e., when t<tp, where tp is the time 
during which propellant is being burned. As- 
suming steady state operating conditions, the 
mass rate of propellant consumption m is a 
constant. Hence, if g denotes the local value of 
gravity. 


Te a! are Tee EO 
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m=wig =m,/tz (5-24) 


Furthermore, the thrust F may be assumed 
constant so that 


F =mc= myc/tp (5-25) 


where is the mass of propellants (fuel plus 
oxidizer) consumed in time tp. 


The consumption of propellants reduces the 
total mass of the propelled vehicle. If m, de 
notes the mass of the vehicle at take-off (t = 0), 
then its instantaneous mass, denoted by m, at 
any time t < tp is given by 


; m 
m=m,— mt=m, ( _~ = @ 4 (5-26) 
o “B 


At the instant when all of the propellants are 
consumed, the instantaneous mass m is denoted 
by Mp, where 


m, =m, (1 — m,/m,) (5-27) 


The ratio /m, is called the propellant 
mass ratio and is denoted by £. Thus 


¢ i Mp = effective propellant mass (5-285 


m, initial mass cf vehicle 


From the point of view of achieving a long 
range, the propellant mass ratio should be as 
larze as possible. 


5-8.6 VEHICLE MASS RATIO (A) 


The ratio m, /(m, ~m,) is called the. 
vehicle mass ratio and is denoted by A. 
Thus 


initial mass of vehicle (5-29) 


Mp 7 (mass of vehicle after 
consuming propellants) 


mp =m, —m = mass of vehicle at 
burnout 
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5-8.7 RELATIONSHIP BETWEEN THE PRO- 
PELLANT MASS RATIO (£) AND THE 
VEHICLE MASS RATIO (A) 


From Eqs. 5-28 and 5-29 it is seen that the 


propellant mass ratio & and the vehicle mass 
ratio A are related by the equation 


—E=1-—1/A (5-30) 


5-8.8 PROPELLANT LOADING DENSITY 
(5p) 
p 


The ratio of total weight of the propellant in 


a rocket-propelled vehicle, denoted by W,, to . 


the weight of the rocket engine, denoted by Wr, 
is termed the propellant loading density, or 
engine weight efficiency, and is denoted by bn 


Wo _ /k 
wwe" (e)ee) 


It is usually desirable that the propellant 


_ loading density have a large value. 


5-8.9 IMPULSE-WEIGHT RATIO FOR A 
ROCKET ENGINE 


If a rocket engine operating under steady 
state conditions develops a thrust F for a 
burning time tp, then the impulse-weight ratio 
for the rocket engine denoted by Ry /W> is given 
by 


I 
t 
R W = (5-3 2) 
WW + WE 


where, as before, 
tB 


L= f Fat. 


fy) 

If ¥ is constant, then I, = Ftg. The 
impulse-weight ratio is a criterion of the overall 
design of the rocket jet propulsion system, and a 
large value is desirable. The items to be included 


5-8 


in Wy for liquid and solid propellant engines are 
discussed in par. 5-8. 


3-9 VEHICLE PERFORMANCE CRITERIA 


In general, the analysis of the flight of a 
rocket-propelled vehicle, such as a missile, is a 
particular application of the dynamics of a rigid 
body in three dimensions; actually the vehicle is 
usually elastic and its design must take that into 
account. In applying rigid body dynamics toa 
rocket-propelled vehicle it is convenient to 
divide the study into the following two parts. 


(a) The determination of the motion of 
the center of mass or centroid of the 
vehicle. 


(b) The determination of the motion of 
the vehicle about its center of mass. 


The studies concerned with the motion of 
the centroid of the vehicle comprise the theory 
of its flight performance, On the other hand, the 
studies concerned with the motion of the vehicle 
around its centroid comprise the theory of 
flight stability and contro]! °:11.12,13, 


A recurring problem in rocketry is the rapid 
determination of the overall design parameters 
affecting the flight of a rocket-propelled vehicle, 
as for example, a ballistic missile. An accurate 
analysis of the flight of a rocket-propelled body 
involves the application of rigid body dynamics 
in three dimensions. To obtain an understanding 
of the parameters influencing the flight of a 
rocket-propelled vehicle, however, a simple two- 
dimensional analysis is sufficient. It isassumed, 
therefore, that 


(a) The motion of the vehicle is determined 
from the motion of its centroid. 


(b) The motion is planar. 


(c) The flight path is a straight line. 
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It is desired to obtain relationships be- 
tween the specific impulse L,,, the mass ratio 
A = m,/mp, and the burnout velocity Vb 
which is the velocity attained by a rocket- 
propelled body at the instant t=tp ie., the 
instant when the rocket engine consumes the 
propellant load Mp: 


S-9.1 LINEAR MOTION WITH DRAG AND 
GRAVITY 


Fig. 5-2 illustrates schematically a rocket- 
propelled body at an instant t during its 
powered flight, i.e., t<tp. It is assumed that the 
vehicle moves along the linear path SS, and that 
the motion is planar. It is seen from Fig. 5-2 that 
the following forces act on the vehicle: 


(a) Aerodynamic drag D. 

(b) Thrust F produced by the rocket engine. 

(c) Gravitational force = Mige, 

The general differential equation of motion, 
in vector form, for the position of the centroid 


of the vehicle along the linear path SS,is given 
by 


o. 

” 
Q. 
< 


m— = m—~Y= F-D-W (5-33) 
a ~~ = = 


Let y denote the angle made by the linear 
trajectory of the centroid G of the vehicle, 
denoted by S-S in Fig. 5-2, and the line of action 
of the weight W = ME ¢. Further, assume that the 
line of action of the thrust F is coincident with 
the longitudinul axis of the vehicle. Since 
F, D, W and path S-S are coplanar, the equation 
of motion for the vehicle is given by 

2 
mos =m & = F— D — mg,cosy 
At any instant t<tp,the instantaneous mass of 
the vehicle, denoted by m, Is given by 


(5-34) 


miei, (5-35) 
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where m, is the launch mass of the vehicle, and 
m the propellant consumption which is assumed 
constant. Hence, Eq. 5-34 can be transformed to 
read 


e 2 CY 
(m, — mt) <= *F-D-g (m,—m,) cosy (5-36) 


\ Eq. 5-36 is a nonlinear second order 


\ 


differential equation with variable coefft 
cients. It can only be integrated by nu 
merical methods. 


5-9.1.1 THRUST OF ROCKET ENGINE WITH 
LINEAR MOTION OF VEHICLE 


If the propellant consumption rate m_ is 
maintained constant during the powered flight, 
then from Eq. 5-1 
F =mc=A([mu, + (P.—P,) Ae] (5-37) 

Let x denote the fraction of the propellant 
load m,, consumed per unit time. The thrust F is 
accordingly given by 


F = (xmp)c (5-38) 

The effective jet velocity c, and hence the 
thrust F is influenced by the vanations in the 
ambient atmospheric pressure P,, as the altitude 
of the vehicle changes. Thus, if F,, denotes the 
thrust in the vacuum space above the atmo- 
sphere, then the thrust F at any lower altitude z 
in the atmosphere, assu-ning no flow separation 
occurs in the exhaust nozzle, is given by 


F =F,,— PA, (5-39) 


The analysis is simplified, without sensible 
loss in accuracy, :f the variable effective jet 
velocity ¢c in Eq. 5-38 is replaced by an 
appropriate constant mican value, denoted by 
¢c. Hence 


F = (xm,) c (5-40) 


p) 
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5-9.1.2 AERODYNAMIC DRAG 


In general, the drag force acting on a missile 
is composed of the following: 


(a) Nose drag 
(b) Skin friction drag 
(c) Tail drag 


The nose drag is due to high pressure regicns 
in the vicinity of the nose where, due to the 
deceleration of the vehicle, the static pressure 
becomes higher than that of the undisturbed air, 
because of the shock waves formed in front of 
the nose. 


The fail drag arises as a result of the air in 
the vicinity of the tail separating from the 
propelled body, thereby causing a suction 
effect in the vicinity of the tail of the propelled 
body. 


It is difficult to assess the influence of the 
gaseous propulsive jet ejected from the rocket 
motor on the nose and skin friction drags. The 
action of the exhaust jet does, however, exert a 
large influence on the fail drag because it 
overcomes the suction effect which is present 
when there is no exhaust jet’”. 


At high supersonic speeds the nose drag, 
Owing to the formation of shock waves, is 
considerably larger than the sum of the skin 
friction and the tail drag. Consequently,the effect 
of the exhaust jet upon the total drag of the 
vehicle is much reduced at high supersonic flight 
speeds. 


If A,,, denotes the maximum cross-sectional 
area of the propelled body and Cp is an 
experimentally determined drag coefficient, then 


1 


D=CpAm (5 pv") (Ib) ($-41) 
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where 


Ay, = maximum cross-sectionai (frontal) area of 
the vehicle 


Cr = the drag coefficient 
V = the velocity of the vehicle 
p = the density of the atmospheric air 
The drag coefficient is a function of the 
Mach number M and the angle of attack a of the 
vehicle. Fig. 5-3 illustrates schematically the 
manner in which Cp varies with the flight Mach 


number of a ballistic missile. 


Combining Eqs. 5-36, 5-40, and 5-41 yields’ 





+ dV _ 1 4) 
(m, —mt) = xMye — 3 eY Am @p 


—g (m,~—mt) cosy (5-42) 
or 
vy xm pV7A_C 
= ——P_ ~ g cosy- fm*D (5-43) 
a amily 2(m,—xmpt) 


5-9.1.3 APPROXIMATE SOLUTION OF DIF- 
FERENTIAL EQUATION FOR 
LINEAR MOTION WITH DRAG AND 
GRAVITY! 


Let Cp denote a constant mean value for the 
drag coefficient Cp. Also,x =1/t, and my, =Am, 
(see par. 5-8.5), then Eq. 5-43 can be trans- 
formed to give the following equation for the 
vehicle velocity at any instant t < tp: 


t | t 
As dt — f g cosydt 
A tp—At Z 





y = dS. 
dt 


( Vv") CpAr/m, 
-{ 2 /____dt+Vv, (5-44) 
9  I1-At/t, 
S711 
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Figure 5-3. Drag Coefficient As a Function of the Flight Mach Number 
for Two Angles of Attack 
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where V, denotes the initial or launching velocity 
of the rocket-propelled vehicle. 


The ratio m,/A,), the take-off mass per unit 
of frontal area, is a measure of the relative 
importance of the drag term in Eq. 5-44. The 
larger value of m, on the less influential is the 
drag term, as can be seen from the qualitative 
analysis below. Thus, if one considers a family 
of similar vehicles which have the same ballistic 


properties, then 


(a) the drag D <A, « L?, where L is a 
typical dimension of the vehicle 


(b) the launch mass of the vehicle m, « L°. 


Hence 
D/m, x L’/Le« i/L (5-45) 


The last expression demonstrates that 
lengthening a rocket-propelled vehicle decreases 
CpAy,/M,: i.c., reduces the effect of the drag 
term in Eq. 5-44. 


For a ballistic missile having a launch weight 
of approximately 100,000 Ib, the aerodynamic 
drag reduces the burnout velocity of the vehicle, 
the value of V when t=tp, by approximately 5 
percent. Consequently, the effect of aero- 
dynamic dragon the burnout velocity for larger 
missiles, such as IRBM’s and ICBM’s, is so small 
that it may be neglected in studies concerned 
with determining the effect of vehicle and 
engine paramcters upon the burnout velocity. It 
should be noted that the assumed constant 
effective jet velocity actually increases some- 
what during the powered flight since P, de- 
creases with the altitude. 


For small missiles, however, the neglect of 
aerodynamic drag introduces a serious error. 


Consider now the gravity term in Eq. 5-44,.e., 
t 


f g cosydt 
0 
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As the altitude of the vehicle above the 
surface of the earth increases, the local value of 
g changes in accordance with the following 
relationship 


R 2 
g£ ./_ "E (5-46) 
& \Retz 
where g, is the gravitational acceleration at 


standard sea level, Rp is the radius of the earth, 
and z the altitude of the body. 





One can assume, therefore, a meun constant 
value of g = g corresponding to the altitude z at 
the time t. Hence, the gravitational term can be 
transformed to read 

¢ 


{ seosrat (5-47) 


0 


Hence, Eq. 5-44 can be rewritten in the follow- 
ing form: 


t t 


we f ac at~ f gat 
dt > ‘BO t R 


ChA 
t ~— ‘ ev) 
- f pene Je dt+V, (5-48) 


1 ~At/tp 











0 


§-9.2. BURNOUT VELOCITY (Vp) 


The burnout velocity V) is obtained by 
setting t=tp in Eq. 5-48. The result is 


7 —m 
Vp =~-€ ln ("5,7 )- gtp 


) 
— Ths DAm/™, + Ye (5-49) 
where 
t 
1-f 2 a 
1 — At/tp om Si 
0 
5-13 
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5-9.2.1 BURNOUT ALTITUDE (zy) 


Let 2, denote the altitude of the vehicle at 


the instant t = tp, then 
int [ (=) : (==—"2)] 
™ mo 

- SB th cosy + Vty +z, 

— IL, CyA,,/m, (5-51) 
where 

tp 
nl, = f I, at (5-52) 
0 


5-9.2.2 COASTING ALTITUDE AFTER BURN- 
OUT (z,) 


At the end of the powered flight the vehicle 
coasts to a vertical distance z, above the 
burnout altitude Zz. If it is assumed that at all 
altitudes above z, the density of the atmosphere 
is negligbly small, then the drag force opposing 
the motion of the coasting vehicle may be 
neglected during the coasting period. In that 
case the coasting altitude z, is given by 


V3? 
z= — (5-53) 
28, 
5-9.2.3 MAXIMUM DRAG-FREE ALTITUDE 
(Zax) 


If it is assumed that there is no drag during 


the coasting period, the maximum altitude de 
noted by z,,,, attained by the vehicle is given by 


max ~ 2b t 2¢ (3-54) 
§-9.3 IDEAL BURNOUT VELOCITY (V;;) 
The ideal burnout velocity denoted by V}p;, 


is the maximum velocity a rocket-propelled 
vehicle would attain if it were propelled in a 


5-14 
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frictionless medium without doing work against 
gravity, i.e., the vehicle moves in a vacuum 
space where there is no force field. Although the 
equations obtained for the above hypothetical 
conditions cannot be applied directly to a 
practical case, they are useful for determining 
the relative performances obtainable from dif- 
ferent rocket engines when propelling a single 
stage vehicle. The ideal burnout velocity V},,; is 
often termed the wacuum burnout velocity. 


Assume that the rocket engine operates 
under steady state conditions so that it con- 
sumes propellants at the constant rate m and 
that its effective jet velocity c remains constant. 


For the case in question the drag and gravity 
terms in Eq. 5-49 vanish, and the ideal burnout 
velocity Vpi is given by 


m, a 
Vpi =¢ (= m=) 0 


=g,! nae ev 
o*sp m,—m, 0 


The velocity difference V}; —V, is termed 
the ideal burnout velocity increment and is 
denoted by AV}... Thus 





(5-55) 


AVbi = Vbi — Vo (5-56) 


If V, = 0, then the ideal burnout velocity is 
given by 


Vp; = Boley In A ($-57) 
where 

A =m,/mp = vehicle mass ratio 

Mp =M, — Mp = vehicle mass at burnout 


Eqs. 5-56 and 5-57 indicate that the ideal 
burnout velocity ‘increment) depends on the 
specific impulse obtainable from the propellants 
and the vehicle mass ratio A = m, ;mp. 


Fig. 5-4 presents Vj; asa function of c = g,, sp 
for different values of vehicle mass ratio m, /mp, 
for a single stage rocket-propelled vehicle. 
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CHAPTER 6 


THERMODYNAMIC RELATIONSHIPS FOR CHEMICAL ROCKET PROPULSION 


2 
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6-0 PRINCIPAL NOTATION FOR CHAPTER 6* 


a acoustic speed (Cr), parallel-flow vacuum thrust coefficient 
a? stagnation acoustic speed Cy weight flow coefficient = w/A,P, 
a* —_ critical acoustic speed (where M = 1) d = diameter 
A, area of the inlet cross-section of a rocket D drag 
nozzle 
F thrust 
A, area Of exit cross-section of a rocket 
nozzle 8. gravitational conversion factor= 32.174 
| slug-ft/Ib-sec? 
Ay area of throat cross-section of rocket 
nozzle h Static specific enthalpy, B/ slug 
A* cross-section of nozzle where M = 1 he static specific enthalpy at inlet cross- 
section A. of the rocket nozzle 
B British thermal unit 
he static specific enthalpy at exit cross- 
c - effective jet (or exhaust) velocity section A, of the rocket nozzle 
O : ° 
c* characteristic velocity for a rocket motor h stagnation specific enthalpy 
c*! ideal characteristic velocity he stagnation specific enthalpy at cross- 
section A, 
Cy ‘Specific heat at constant pressure 
5p —_—s specific impulse = Fg./m, sec 
Cy specific heat at constant volume 
| Iyy theoretical specific impulse 
Cy mean value of the specific heat at con- = 
stant pressure = 6.94 J/T./m V/2yZ;4/(y-1) 
Ca, discharge coefficient for a rocket nozzle iy density impulse 
Cr thrust coefficient = F/A,yP. J mechanical equivalent of heat ~ 778 
i ae ft-ib/B 
*Any consistent set of units may be employed; «ne units 
oo here are for the American Engineers System (see par. m mass, slug 
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m molecular weight 
m 


my 


6-2 


mass rate of flow of propellants = 
mrt m,, slug/sec 


mass rate of fuel consumption 
mass rate of oxidizer consumption 
static pressure, in psia 


static pressure, in psf 


ambient static pressure 


Static pressure in A,, the combustion 
pressure 


static pressure in nozzle exit cross- 
section A, 


stagnation (or total) pressure 
combustion stagnation pressure 


gas «stant = R, /m 


universal gas 
ft-lb/slug-mole?R 


constant 49,717 


time 


static temperature, °R 
static temperature of gas in the inlet 
crose-section A, of the rocket nozzle; 


the combustion temperature 


stagriation or total temperature 





CT 


stagnation temperature of the com- 
bustion gas 


Ue _ adiabatic exhaust velocity 
w weight rate of propellant consumption 


; x—! 
2; expansion factor = 1 — (P,/P,) 7 


GREEK LETTERS 


@  semiangle of diverging section of nozzle 
Y specific heat ratio = Cylcy 

1 vy 

I (see Eq. 6-16) 


N, nozzle efficiency 


K see Eq. 6-39b 
A __ divergence loss coefficient 
p density 


@ nozzle velocity coefficient =,/n,, 


SUPERSCRIPTS 


critical conditions where M = 1 for an 
isentropic flow 


value to which prime is attached is 
reached by an isentropic process 


ve) stagnation value 
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6&1 INTRODUCTION 


In the preliminary design of a rocket engine 
good estimates are required of the =ngine per- 
formance parameters, discussed in Chapter 5, 
over the anticipated range of operating con- 
ditions. In most cases the prediction of the 
performance of a rocket engine is desired with 
more than one propellant combination. Good 
estimates of the important design parameters 
should be available before eny of the engine 
components are designed cs manufactured. ° 


It has been pointed out (see Chapter 1) that 
a rocket engine comprises a propulsive nozzle, 
the thrust-producing element, and a gas gener- 
ator; the latter comprises the combustion 
chamber wherein the propellants are burned and 
its appurtenances. The foregoing remarks apply 
to chemical, nuclear heat-transfer, electro- 
thermal, and solar-heating rocket engines. In 
fact, to any rocket engine which utilizes the 
thermodynamic process of expanding a com- 
pressible fluid by ejecting it through a nozzle for 
the production of a propulsive exhaust jet. 


The discussions in the subject chapter are 
concerned specifically with chemical rocket 
engines but they apply equally well to the 
prediction of the performance of an exhaust 
nozzle for a nuclear heat-transfer, electro 
thermal, and solar-heating rocket engine. 


Fig. 5-1 illustrates schematically the thermo- 
dynamic states of a propulsive gas as it expands 
in a propulsive nozzle. All of thie subsequent 
discussions assume steady state operating con- 
ditions. 

For preliminary design purposes it is desir- 
able to predict the adiabatic exhaust velocity u, 
with a high degree of accuracy. Since u, is given 
by (see par. A-3) 


ve 2(ne-n,) (6-1) 
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he = the stagnation specific enthalpy of the ¥ 
inlet cross-section of the nozzle ‘s 

h, = static specific enthalpy at the exit cross ; 
section of the nozzie, after an adiabatic e 


expansion from the inlet cross-section 


ay 


In Eq. &1, he is given by 
uC 
On 


It is apparent from Eq. 6-1], that two kinds 4 
of information are needed for calculating u,. 


(a) The nature and chemical composition of 
the propellant gas at A,, the inlet 
cross-section of the nozzle, and the 
thermodynamic properties of the pro- 
pellant gas (h,P,T,etc.) at Stations c, t, 
and e in Fig. S-1. 


(b) The heat added to the working fluid 
prior to its arrival at plane A, (see Fig. 
5-1). In a chemical rocket engine the 
heat is supplied by the enthalpy of 
combustion or chemical reaction for the 
specific chemical reactants involved. In a 
nucleay-transfer, electrothermal, or solar 
heating rocket engine it is the heat 
transferred to the working fluid by 
nuclear, electric, or solar energy, respec- 
tively. All of the aforementioned rocket 
engines, including the chemical rocket 
engines, employ the same type thermo- 
dynamic process for producing thrust. 
Hence, they are called thermodynamic 
roc' * engines (see par. 1-5.4). 





The working fluid entering the exhaust 
nozzle of a thermodynamic rocket engine is in the 
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gaseous state. In the nonchemical engines the 
working fluid is ordinarily a single-component 
gas; ¢.g., hydrogen, ammonia, helium, etc. In a 
chemical rocket motor the gas is composed of 
the gaseous products due to the combustion of a 
fuel (liquid or solid) with an oxidizer (liquid or 
solid). For example, the fuel used in a liquid 
bipropellant rocket engine (see par. 1-6.2) may 
be hydrocarbon, such as octane C,H, ,, and the 
oxidizer could be liquid oxygen (LOX). The 
thermochemical energy released by the com- 
bustion reaction raises the temperature of the 
combustion products to quite high values. De- 
pending upon the propellant combination and 
their mixture ratio (m, /may), the static tempera- 
ture T, of the gas entering the exhaust nozzle 
will range from 5,000°R to approximately 
8,500°R. For a nuclear-heat transfer rocket 
engine equipped with a carbon solid core nuclear 
reactor the corresponding temperature will be 
approximately 4,500°R and for an arc-jet elec- 
trothermal rocket engine it may be higher than 
15,000°R’ -The aforementioned temperatures 
are well above the critical temperatures T,, for 
the gaseous constituents forming the propellant 
gas of arocket engine (see par. A-2 and Table A-I). 
In those cases where the propellant gas contains 
condensable products — such as vaporized light 
metals — and the static pressure P, at the 
entrance to the exhaust nozzle is high, the 
pressure P, may approach the critical pressure 
for that constituent?. 


In view of the foregoing, no sensible error is 
introduced in the large majority of cases if it is 
assumed that the equation of state for each 
gaseous constituent of the propellant gas at the 
inlet cross-section A, (see Fig. 5-1) of the rocket 
nozzle is given by (see par. A-2.1) 


P/o9 = RT (6-3) 
It is further assumed that the specific heats 


and c,, and their ratio y = Cp/cy are functions 
only of the gas temperature, ' 
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To obtain the thermodynamic properties of 
the propellant gas, the methods of thermo- 
chemistry are employed” ae 


6-2 ASSUMPTIONS IN THERMOCHEMICAL 
AND GAS DYNAMIC CALCULATIONS 


The calculation of the composition and the 
thermodynamic properties of the propellant gas 
are based on the following simplifying assump- 
tions. | 


(a) The propellants react chemically and burn 
under steady state conditions. 


(b) The walls of the combustion chamber do 
not influence the combustion process. 


(c) The dimensions of the combustion 
chamber are sufficiently large so that 
thermochemical equilibrium conditions 
prevail at the inlet cross-section of the 
exhaust nozzle. 


(d) The equation of state of each con- 
stituent gas entering the exhaust nozzle 
is given by Eq. 63. 


(e) The combustion process is adiabatic and 
is also isobaric (dP = 0). 


(f) One of the two following assumptions is 
generally introduced: 


(1) The equilibrium composition of the 
gases in the combustion chamber 1s 
unaltered during the expansion pro- 
cess in the nozzle. Calculations 
employing that assumption are said 
to be based on frozen equilibrium, or 
frozen flow. 


(2) Chemical equilitrium is maintained 
throughout the expansion process; 
the composition and molecular 
weight of the gas changing because 
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of the chemical reactions occurring 
during the expansion process. Cak 
culations employing this assumption 
are said to be based on either equilib- 
rium flow, shifting, mobile, or main- 
tainec' equilibrium. 


In addition to the foregoing thermodynamic 
assumptions the following gas dynamic assump- 
tions are introduced. 


(a) The flow through the nozzles is steady 
and one-dimensional, and the velocity u, 
of the gas crossing the exit section (Area 
A.) is parallel to the axis of the exhaust 
nozzle (see Fig. 5-1). 


(b) The velocity of the gases in the com- 
bustion chamber is negligibly small com- 
pared to the velocity of the gases 
crossing the exit section of the exhaust 
nozzle. 


(c) The flow through 
isentropic (ds = 0). 


the nozzles is 


(d) The gases are expanded completely to 
the surrounding atmospheric pressure P,, 
1.e., the pressure P, inthe exit section of 
the nozzles is equal to P,. 


In view of the above assumptions, the 
equilibrium composition of the propellant gas 
entering the exhaust nozzle and its thermo- 
dynamic properties are determined uniquely by 
the equilibrium combustion temperature T, and 
the equilibrium combustion pressure P.; here- 
after T,, and P,, will be termed the combustion 
temperature and the combustion pressure, re- 
spectively. 

In view of gas dynamic assumption (b) 
(u, ~ 0) the stagnation specific enthalpy he in 
Eq. 6-1 may be replaced by its corresponding 
static specific enthalpy h,. Hence 


u, =./2 (i, te) 6.96. /h.— he (fps) (6-4) 
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where he and h, are in B/slug. If h, and h, are 
in B/Ib_,, then the 6.96 in Eq. 6 is replaced 
by 223.7. 


When the Mach number M,<0.3, the static 
values T, and P, may be employed instead of 
the corresponding stagnation values T¢ and PC 
without introducing a significant error. The 
static and stagnation values are related by (see 
par. A-5.2) 


ho =h, + u2/2 (6-5) 
T2=T. [ ' (5!) wn (6-6) 
pox P. (rs ree) W-1) (6-7) 


where M, = u,/a, = Mach number for the gas at 
the inlet cross-section A, of the exhaust nozzle 


and a, =\/yRT,,= the acoustic speed in the gas 
at the combustion temperature T,. 


For a chemical rocket engine the com- 
bustion temperature depends primarily upon the 
kind of propellants, their mixture ratio(m, /m f)> 
and to a small extent upon P,, the combustion 
pressure. The magnitude of P. is governed by 
the propeliant consumption rate m and the 
throat area A, of the nozzle; the latter state- 
ment is applicable to nonchemical as well as 
chemical thermodynamic rocket engines. 


6-2.1 EXOTHERMIC AND ENDOTHERMIC 
CHEMICAL REACTIONS 


A chemical reaction between the reactants 
aA and bB that yields the products mM and nN, 
may be represented by the following equation: 


Reactants Products ; 
— j \ (6-8) 
ad+ bB = mM + nN (+) OH, 


where AH, is the enthalpy of reaction. 


et See Sid | 
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If the sign preceding AH, is negative (—) the 
reaction is said to be exothermic; if the sign is 
positive (+), the reaction is said to be endo- 
thermic. 


6-2.2 CONDITIONS FOR THERMO- 
CHEMICAL EQUILIBRIUM 


Thermochemical equilibrium for the propel- 


‘lant gas is attained when the rate at which 


products are formed equals the rate at which 
reactants are produced by the reversible chemi- 
cal reaction. At equilibrium there is no change in 
the free-energy function, ie., AF;p= 0 (see 


Reference 2, pp. 529-535). The conditions - 


which must be satisfied for chemical equilibrium 
to be attained at a given T, and P, determine 
the composition of the propellant gas. 


6-2.3 DISSOCIATION AND REASSOCIATION 
REACTIONS 


Dissociation reactions may be considered to 
be the decomposition of a chemical compound 
due to exposing it to a high temperature. 
Because of the dissociation phenomena a 
portion of the thermochemical energy associated 
with a propellant combination becomes unavail- 
able for producing jet kinetic energy when the 
propellant gas is expanded in the exhaust nozzle. 
As the gas expands in flowing through the 
nozzle it cools and its pressure falls, conditions 
which favor reassociation reactions. Any reasso- 
ciation reactions that might occur are governed 
by reaction kinetics, and take place at a lower 
temperature than their corresponding dissociation 
reactions. Consequently, reassuciation reactions 
can recover Only a portion of the energy used in 
producing dissociation. The effect of the reasso- 
ciation reactions that do occur is to reduce the 
decrease in temperature due to the expansion 
process which results in an apparent increase in 
the specific heat ratio y. 


Very large values of Te favor dissociation 
reactions. Moreover, if Te is sufficiently high 
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(above approximately 10,000°R) as in an arc-jet 
thermoelec’ric rocket motor, all of the molec- 
ular species are decomposed into atoms and 
ions. AS a consequence of the dissociation 
reactions the maximum realizable value of T,, at 
a given P,, is limited. In general, the higher the 
gas temperature, the greater is the dissociation 
of the products. Increasing the static pressure Fe 
tends to reduce the amount of the dissociation. 


Fig. 6-1 presents the percent dissociation for 
CO,, HO, > O,, HF, CO, and N, as 
functions of the gas temperature at 500 psia. It 

is seen that N,, CO, and HF do not dissociate 
appreciably at temperatuzes below 9,000°F. On 
the other hand, H,0, H, , and O, are dissociated 
appreciably at 8,000°F. 


The occurrence of dissociation and reasso- 
Clation reactions is not related to rocket motor 
design, as is the occurrence of incomplete 
combustion; in the case of incomplete com- 
bustion, burning occurs during the expansion 
process in. the rocket nozzle. The occurrence of 
dissociation and reassociation reactions is related 
to the specific propellant combination, the 
combustion temperature T,, and the com- 
bustion pressure P,.. The effect of reassociation 
reactions upon the jet velocity of the exhaust 
gas may be as large as 10 percent for the 
LH-LOX* and LH-LF* propellant systems. For 
systems in which the fuel component is a 
hydrocarbon, the effect of reassociations upon 
the jet velocity is usually less than S percent. 


6-3 THERMODYNAMIC EQUATIONS FOR 
ROCKET PERFORMANCE CRITERIA 


In the preliminary design of a rocket motor 
for developing a specified thrust, the specific 
impulse I, of the suitable propellant systems 
(oxidizer plus fuel) must be known fos a range 


*LH - liquid hydrogen: LOX - liquid oxygen 
LF - liquid fluorine 
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: of mixture ratios (m, /my) and different values 6-3.1 ISENTROPIC EXJT VELOCITY (ug) 
of combustion temperature T, and combustion 
' pressure P.., respectively. It will be assumed that Since the flow in the exhaust nozzle is 
the aforementioned data are available either assumed isentropic, the isentropic exit velocity 
from experimental data or from thermochemical Up is given by (see par. A-5.4) 
t calculations. The design is then concerned with 
determining the dimensions of the main compo- fis /, h—h’) = [ae T 6-9) 
nents, and predicting the performance criteria ve (He Ne } p At ( 
(see Chapter 5). 
The subject paragraph is concerned with the where ©, is the mean value of c, for the expan- - 
} basic gas dynamic equations for calculating the sion process (from P., T, to P,, Te); and 
performance parameters. It combines the gas 
| dynamic equations based on steady isentropic Te ® 
ff : flow with the practical performance parameters 7.=1-— Pe (6-10) 
=e discussed in Chapter 9. t P. 
6-7 
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Eq. 6-9 can be rewritten to read 


T 
u, = (5) ny (= Zi (6-11) 


If the Mach number M, = u,/a,> 0.3, 
measured at A, in Fig. 5-1, then h,, T, and P, in 
the preceding equations should be replaced by 
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he, Te, and PO, Fig. 6-2 presents the u, asa 
function of the mixture ratio (m,/mp), for 
different values of P./P., for the propellant 
combination nitrogen tetroxide (N,O,) and 
Aerozine-50Q (50% Hydrazine + 50% UDMH). 


In Eq. 611 the values of y and m are 


Suitable average values for the expansion of the 
propellant gas from the state (P,,T,,) to the state 








MIXTURE RATIO th, /thg 


Figure 6-2. Isentropic Exhaust Velocity as a Function of Mixture Ratio m o/ms 
for Different Values of P./P,; Propellants: Nitrogen Tetroxide (N, O,) 
plus 50% Aerozine-SO-50% Hydrazine (N, H,) and 50% Unsymmetrical 


Dimethy] Hydrazine (CH, ) 
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(P., T,). Careful consideration must be given to 
the selection of the values of y and m . The 
selection of the appropriate value for y is 
basically the determination of the appropriate 
value for mc). 

Substituting for R, = 49.717 ft-lb per slug 
mole °R into Eq. 611, yields 


u, = 315.3, /T,/m } Z_ (fps) (6-12) 


It is evident from Eq. 6-12 that for a given 
expansion ratio P./P, the main parameter affect- 


ing u, is JT./m. 
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6-3.2 ACTUAL OR ADIABATIC EXIT VELOC- 


ITY (ug) 

In real nozzle flow, the actual or adiabatic 
exit velocity, denoted by ug, is given by 
Up = Gu, (6-13) 
whered =,/7, = the nozzle velocity coefficient 


(see par. 4-5.2).The value of ¢ ranges from 0,95 
to 0.98 for well-designed rocket nozzles. 


Figs. 6-3 and 6-4 present the velocity para- 
meter: Ue/¢ JT? /m as a function of the pressure 
ratio Pe /P. for different values of y = C),/cy. 













PRESSURE RATIO P-/P, 


igure 6-3. Velocity Parameter u,/¢./T? /m as a Function of Pe /P. 
(for a Range of 10 to 50) for Different Values of y= Cy/Cy 
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It is preferable to estimate the parameter 
T2/m from experimental data when they are 
available. 


6-3.3 PROPELLANT FLOW COEFFICIENTS 


6-3.3.1 MASS FLOW RATE OF PROPELLANT 
GAS (m) 


Since the nozzle pressure ratio P¢ /P, for a 
rocket nozzle is always supercritical (see par. 
4-3.3), a rocket motor nozzle is said to operate 
with either complete nozzling or with choked 
flow, ie., critical conditions prevail in the throat 
(see par. A-6) and P, = P*, T, = T*, and wu, =u*. 
Hence 


[tT 
j= a 6-14 
u, = 315.3 ae = ( ) 


From Eq. 441 it follows that the mass rate 
of gas flow through the nozzles of a rocket 
engine is given by 


= ( es yr" (6-15) 
ts 


where Cy is the discharge coefficient for the 
nozzle (see par. 4S.2) and its value ranges from 
approximately 0.93 to 1.15. 


m = CgAyP, 


Let 
+1 
ae _ (6-16) 
v? |r 
Then 


; Ww 3 
m= © = 4.48(10)-? C,A;P, ———— 
8. ile VTi 


(slug/sec) (6-17) 
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where 


8, = 32.174 slug-ft/Ib-sec? 
w = weight flow rate of propellants, Ib/sec 


Values of [ as a function of y are presented 
in Fig. 6-5 and are tabulated in Appendix B, 
Table B-4. 


6-3.3.2 WEIGHT FLOW COEFFICIENT (C,,) 


The weight rate of propellant flow, from Eq. 
6-17, is given by 


: : = I 
Ww = £om= 144.3(10) >CgAyP. VT Jt 


T,/m 
(ib/sec) (6-18) 
The weight flow coefficient Cy, (see Eq. 5-7) 
is accordingly given by 


Cy, = 144.3(10)- 3 Cy 





ise (6-19) 
JT,.m 
Eq. 619 is employed for estimating the 


value of JT,J/m from measured values of C,. A 
small error in the calculated value of -, from 
thermochemical calculations, exerts an insignif- 


icant effect on the value of _/m calculated 
from 
= Ca 
To/m = 144.3(10)-* —* T (6-20) 
Ww 


6-3.4 THRUS | (F) 


It is shown in par. 48.1.1 that if the exit 
flow from a propulsive nozzle diverges, as ina 
conical nozzle, then there is a reduction in 
thrust termed the divergence loss. In general, 
therefore, the thrust is given by Eq. 443 which 
is repeated here for convenience. Thus 


rsa fee (tm) 4] 


(6-21) 
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The divergence loss coefficientA is given by 
A = 5 (1 + cosa) (6-22) 


where a is the semidivergence angle for the 
conical nozzle (see Fig. 5-1). 


Combining Eqs. 614, 6-18, and 6-21 one 
can have the following equation for thrust F: 


_ | 2 
F=,)X i CgAyP T° +1 Lt tAg e.- rjo2s 


where Z, is given by Eq. 6-10, P, denotes the 
ambient static pressure, and P, ty the static 
pressure in exit cross section ot the nozzle Ap 
(see Fig. 5-1). 


63.4.1 EFFECTIVE JET (OR EXHAUST) 
VELOCITY (c) 


The effective jet velocity c is defined by Eq. 
5-3, which is repeated here for convenience. 
c= F/m 


Combining Eqs. 6-17, 6-23, and 5-3 one 
obtains the following thermodynamic equation 
for c: 


RT, zy ( ) 
c= h- Tr. j—2&4&H —-— fe | (6-24) 
Bs i v-1 | ae 
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Hence 


Cp = =D nf Sere He (6-27) 


For a given value of y the thrust coefficient 
depends only on P,/P, and A; the effect of the 
ambient pressure P, is to decrease Up by the 
quantity (P,/P,)e. When P, = 0, as in space, Cp 
attains its maximum value. It can be shown that 
for a fixed value of P,/P. there is a value of e 
which yields a maximum value of Up. That value 
of € is called the optimum nozzle area ratio and 
occurs when P./P, = P,/P ‘ ie., when the 
pressure thrust (P, — P,)A, = 0. 


Let (Cr), denote the so-called parallel Jlow 
vacuum thrust coefficient, which assumes that 
A=1 and P,/P,.=0; then the thrust coefficient Cr 
Is given by 


Pe 
Q 


Fig. 6-6 presents (Cf), as a function of € 
and Fig. 6-7 presents (P,/P,)e as a function of e. 
Detailed tables for those parameters are pre- 
sented in Reference 13. 


63.5 NOZZLE AREA RATIO FOR COM- 


PLETE EXPANSION 
where 
past The thrust F attains it maximum value when 
aaa the nozzle is designed so that the propellant gas 
=T./y7=7 (2, 2 (6-25) | is expanded completely to the ambient pressure 
aa P,; i.e., when P, = P,. The area ratio is € is given 
by (see par. 4-3.1) 
e = A,/A; = area ratio of the nozzle 2 
Ag ytl 
6-3.4.2 THRUST COEFFICIENT (Cp) Ay p \2 
(*e)) yl Z, 
The thrust coefficient Cp is defined by Eq. Po/ y—t 


5-9, and can be written in the form 


Cp = me/ (PoAy ) (6-26) 


Figs. 6-8, 6-9, and 6-10 present € as a 
function of P./P, for values ranging up to P./P. 
= 200, for different values of y. 


6-13 
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Since the flow through the rocket nozzle is computer program for calculating the thermo- 
assumed to be one-dimensional, the area ratio € dynamic equilibrium properties of the pro 
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| ee oe (630) of P./P, for the propellant combination nitro- 1 
a Pebe gen tetroxide and Aerozine-50. 
{ 

7 The maximum flow density occurs at the For rocket engines which must operate over 
throat of the nozzle, and is determined in the a wide range of altitudes it may be advisable to ‘ 
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Figure 6-8. Nozzle Area Ratio € as a Function of P./Pe (O to 20) 
for Different Values of y 
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Figure 6-9. Nozzle Area Ratio € as a Function of P./P, (20 to 50) 
for Different Values of y 
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Figure 6-10. Nozzle Area Ratio € as a Function of P,/P. (50 to 200) 
for Different Values of + 


operate with underexpansion to avoid the large 
nozzle weight accompanying large expansion 
ratios (see par. 4-8). 

6-3.6 CHARACTERISTIC VELOCITY (c*) 


When experimental data for determining c* 
are lacking, its value can be calculated with 
satisfactory accuracy from the thermodynamic 
properties for the propellant gas obtained by 


6-18 


applying thermochemical calculations to the 

Chemical reaction equation for the propel- 

lants’'°"?* | From Eq. 5-13, which is repeated 

here for convenience, c* is given by 
Ec 


ct = — 
Cw 


32.174 slug-ft/lb-sec? 


(6-31) 
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Combining Eqs. 6-19 and 6-31 one obtains 
the following thermodynamic equation for c*: 


=a (eh 223.0 via (fps) (6-32) 


where the acoustic speed in the propellant gas 
at the temperature T,, is given by 


ao= /YRT, (6-33) 


The parameters TandI’, are given by Eqs. 
6-14 and 6-24. Their values as functions of are 
presented graphically in Fig. 6-4 and in tabular 
form in Appendix B, Table B-4. 


If it is assumed that Cq = 1.0, the corre- 
sponding value of c™® is termed the ideal char- 
acteristic velocity and is denoted by c*’. Thus 


VT mi 
*’ = 223.0 - > 


1 





(6-34) 


Eqs. 6-32 and 6-34 show that c* and c*’ 
depend only upon y andT,,m,ie., primarily 
upon the propellant combination (fuel + 
Gxidizer) and the mixture ratio (m, /my). The 
combustion pressure has less influence because 
of its much smaller effect upon T,, m, and 7. 
Fig. 6-12 illustrates the effect of mixture ratio 
(m,,/my) and combustion pressure P, upon the 
c*’ for the propellant combination nitrogen 
tetroxide and Aerozine-50. 


6-3.7 THEORETICAL SPECIFIC IMPULSE (Ign) 


From Eqs. 5-3 and 5-5 it follows that the 
thrust F and the specific impulse Isp are related 
by . 


F=wl,, (6-35) 
6-20 


Hence 
Ly = A Es + (Pe ra mahi = c/Z., (6-36) 


It is readily shown that’ 


Ef 


where 


[2Ry 
= 9.797 
Bc 


If A=¢=1 then the flow is isentropic with no 
divergence and the corresponding value of the 
specific impulse is denoted by 5) which is the 
theoretical specific impulse. Fig. 613 presents 
the I’. as a function of the mixture ratio 
(m,/my) for several liquid propellant com- 
binations reacted at P,, = 300 psia. 





(=) Z, (6-37) 


Bile 


6.3.7.1 REDUCED SPECIFIC IMPULSE 


The calculated specific impulse based on 
one-dimensional flow is denoted by Ign where 


I, =A I. 





sp sp 
Hence 
(y—-1\/y 
SP =9,797 ft i-( 
O/T, /im y-1 Po} (6-38) 


The ratio Lop/AG/T ./m is sometimes called 
the reduced specific impulse. Its magnitude Is a 
function of the specific heat ratio for the 
combustion gas mixture. 
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Figure 6-12. Ideal Characteristic Velocity c¥’ as a Function of Mixture Ratio for 
Different Combustion Pressures P,; Propellants: N, O, Plus Aerozine-50 








It is seen from Eq. 6-37 that Isp depends The magnitude of the expansion factor Zt 
| : upon two factors depends mainly upon the expansion ratio P,/P. 
2 : and it is only slightly influenced by variations in 
" rer Y. The value of &X depends primanly upon 
: . | (a) Zi = i P = expansion T Im H = TI : — ; 
factor (6-39a) ro/m .Hence, raising I,, lowering m, or doing 
: both, are helpful in increasing the specific 
| 5 - ‘ie impulse. _ 
(b) k if (2) al | (6-39b) In general, for any propeilant combination | 
8 \-! mM the combustion temperature depends primarily : 
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Figure 6-13. Ideal Specific Impulse Isp as a Function of the Mixture Ratio 
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upon the mixture ratio (m o/my) as can be seen 
from Fig.6-14. The maximum combustion 
temperature is, however, limited by dissociation 
reactions (see par. 6-3.3). From an engine design 
standpoint, however, the maximum permissible 
combustion temperature is limited by the avail- 
able construction materials and the ability to 
cool them. 

The possibility of increasing the specific 
impulse by using fuels rich in hydrogen suffers 
from certain restrictions due to their low 
density. Furthermore, many of them are 
cryogenic and their storage becomes a problem 
in Army applications. 


6-3.7.2 DENSITY IMPULSE (Ig) 


A criterion which must be considered in 
selecting a propellant combination for a specific 
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rocket jet propulsion application is the so-called 
density impulse, denoted by Iy, which is de- 
fined as the product of and the specific 
gravity of the propellant system. Hence 


Ig=Kp * (sp. gr.) (6-40) 


where sp.gr. denotes the specific gravity of the 
propellant system, and Kp is the theoretical 
specific impulse. 


A high value Iq is desirable, especially for 
single stage rocket propelled vehicles, Fig. 6-15 
presents the values of Iq as a function of m,/m 
for the same propellants for which the Ion is 
presented in Fig. 6-13. 
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CHAPTER 7 


Fe 


PROPERTIES AND CHARACTERISTICS OF SOLID PROPELLANTS 


7-1 CLASSIFILA.TON OF SOLID PROPEL- 
LANTS 


The performance criteria and thermo 
dynamic equations presented in Chapters S and 
6, respectively, are applicable to rocket engines 
burning either solid or liquid propellants. The 
attractiveness of solid propellants for many 
Army applications arises from the following 
considerations: 


(a) The greater simplicity of solid propellant 
rocket motors 


(b) The greater ease with which they can be 
handled in :..- field 


(c) Their instant readiness for use 
(d) Their good storage properties 
(e) Their lower first cost 


(f) Their lower susceptibility to malfunc- 
tioning because of fewer moving parts 


In general, once the characteristics of a spe- 
cific solid propellant have been established, the 
development of solid propellant rocket motors 
using that propellant for widely different thrusts 
and burning times tp is a relatively straight- 
forward, though often expensive, engineering 
development problem. Furthermore, if a solid 
propellant rocket motor application takes full 
cognizance of its characteristics and handling re- 
quirements, excellent rocket motor reliability 
shouid be obtained. 


A solid propellant is a material which con- . 


tains both a fuel and an oxidizer; the fuel and 


oxidizer, however, do not react chemically 
bclow some fixed temperature, called the igni 
tion temperature. When ignited, the solid propel- 
lant burns but does not require atmospheric 
oxygen for its ignition or combustion. A charac- 
teristic feature of a solid propellant is that the 
exothermic conversion of the solid phase to the 
gas phase, when conducted under appropriate 
conditions, does not produce explosions or 
detonations. The production of the propulsive 
gas proceeds at a controlled rate! 2. 


Since a solid propellant is a single phase 
centaining both its fuel and oxidizer, it is also 
termed a solid monopropellant (see par. 1-6.4). 


It is convenient to divide solid propellants 
into two principal types based on their physical 
structure: 


(a) Homogeneous propellants which are 
solid solutions of organic substances 
co..taining the fuel and oxidizer ele- 
r ts in their chemical structure. 


(b) Heterogeneous propelJants, also called 
composite propellants; these are mechan- 
ical mixtures of a combustible (the fuel) 
and 4 solid oxidizer. 


7-2 HOMOGENEOUS PROPELLANTS 


A homogeneous propellant, more commonly 
called a double-base propellant is a plastic solid 
monopropellant comprising three principal 
ingredients: a polymer, an oxidizer-plasticizer, 
and a fuel plasticizer? . 
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7-2.1 POLYMERS FOR HOMOGENEOUS 
PROPELLANTS 


The most widely used polymer is nitro- 
cellulose (NC) but others can be and have been 
used. The common formula for nitrocellulose is 


C,H, (OH), ,(ONO, ),, 


where n= 1,2,3 indicates the number of (ONO, ) 
groups corresponding to the completeness of the 
nitration of the cellulose. 


Nitrocellulose is characterized by its nitro- 
gen content and viscosity as independent van- 
ables. If the cellulose is completely nitrated, its 
nitrogen content is 14.15 percent?. The higher 
the nitrogen. content, the larger is the conm- 
bution of the nitrocellulose to the calorific value 
of the propellant. 


7-2.2 OXIDIZER-PLASTICIZERS FOR 
HOMOGENEOUS PROPELLANTS 


The oxidizer-plasticizer must be compatible 
physically with the polymer. Furthermore, it 
must add fuel elements to the solid propellant 
formulation. In this country, the most widely 
used oxidizer-plasticizer is nitroglycerin (NG); 
its chemical formula is 


CH, (ONO, )CH(ONO, )CH, (ONO, ) 


In Germany, probably because of the short- 
age of glycerin, propellants were developed 
that used diethylene glycol dinitrate, DEGN 
(NO, )(OC,H,),ONO, instead of nitroglycerin 
as the oxidizer-plasticizer. The feasibility of us- 
ing nitrocompounds other than nitroglycerin 
has been established?. 


Originally, only those propellants which 
contained nitroglycerin as a colloidal plasticizer 
for nitrocellulose were called doudble-base pro- 
pellants, i.e., propellants containing two ex- 
plosive ingredients (NC and NG). Today all 
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colloidal propellant systems of nitro-groups with 
NC are called double-base propellants. 


7-2.3 FUEL-PLASTICIZERS FOR HOMO- 
GENEOUS PROPELLANTS 


The fuel-plasticizer must be compatible 
physically with the nitrocellulose. Because they 
contribute little or no oxidizing elements to the 
propellant formulation they tend to reduce the 
combustion temperature. Frequently, the fuel- 
type plasticizer is some form of plastic. 


7-2.4 ADDITIVES -TO DOUBLE-BASE PRO- 
PELLANTS 


Both NC and NG tend to deteriorate in 
storage due to thermal decomposition. It is 
essential, therefore, that additives called stabi- 
izers be incorporated in the propellant formu- 
lations. Common stabilizers are ethyl centralite, 
diphenylamine, and others (see Reference 2). 


7-2.5 GENERAL CHARACTERISTICS AND 
APPLICATIONS OF DOUBLE-BASE 
SOLID PROPELLANTS — 


The ballistic properties of a double-base 
solid propellant are determined primarily by its 
calorific value. Its physical properties, however, 
are related to its polymer content. The best 
known double-base propellants are the baliistites 
(low nitrogen content) and the cordites (high 
nitrogen content). 


Double-base propellants find their widest 
applications in weaponry; e.g., artillery and 
aircraft rockets, antitank missiles, surface-to-air 
missiles, ICBM’s, etc. Table 7-1 presents data on 
three different double-base propellants. 


Until a few years after World War II, 
double-base propellant grains were made bv 
extrusion, which limited the size of the grain 
which could be fabricated. Since that time, a 
castable process has been developed which 
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| TABLE 7-1! 
| PROPERTIES OF DOUBLE-BASE PROPELLANTS* : 
pogo RUSSIAN 5 
| i ap CORDITE ~ 
7 Weight, % : 
Nitrocellulose $1.50 $2.2 56.5 | ; 
Nitroglycerin 43.00 43.0 28.0 q 
Diethyl Phthalate 3.25 3.0 == 
Ethyl Centralite 1.00 -- 4.5 
' Other Additives 1.25 1.8 11.0 ; 
4 Manufacturing method Extruded Extruded Extruded 
f Specific gravity 1.61 1.60 = . 
| Safe storage temperature, °F 120 120 : 
: Storage stability Good == 
f 2 : Ignition temperature, °F 300 ~— 
Firing temperature limits, °F -20, +140 —~— 
Lower pressure limit, psi 500 —~ 
. Smoke and toxicity Smokeless Smokeless Smokeless : 
| Specific impulse at 1000 psi, sec 230 230 —~ 
( Burning rate at 1000 psi and 
70°F, in./sec 0.65 0.67 0.29 
Pressure exponent n 0.69 0.71 0.80 
Temperature coefficient Ny, %/°F 0.7 0.9 0.7 
Adiabatic flame temperature, °F 5300 5300 3750 
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Molecular weight of combustion gases 


Composition of combustion gases at 
1000 psi, mole % 


CO 
CO 


2 


OH 
Ratio of specific heats 
Characteristic velocity c*, fps 
Approximate cost, $/lb 


*Taken from Reference 1. 


27.8 
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makes it possible to manufactwe cast double- 
base grains of any desired size and shape. The 
cast grains are homogeneous and can be case- 
bonded and may have the same range of 
compositions as the extruded propellants? . 


7-3 HETEROGENEOUS OR COMPOSITE 
PROPELLANTS 


The development of composite propellants 
started during World War II with the develop- 
ment of aircraft JATO’s (Jet Assisted Take-Off). 
The solid propellant used in a JATO unit was 
basically a mechanicz!l mixture of an asphalt, the 
fuel, with finely powdered potassium perchlo- 


rate (KCIO, ), the oxidizer. The asphalt was the 


binder for the KCIO,. 


Modern composite propellants have three 
principal ingredients: (1) a fuel which is an 
organic polymer, called the binder, (2) a finely 
powdered oxidizer, and (3) additives for cata- 
lyzing the combustion process, increasing the 
density, increasing the specific impulse, tmprov- 
ing physical properties, increasing storage life, 
etc. After the ingredients have been thoroughly 
mixed, the resulting viscous fluid is poured— 
usually undera vacuum to eliminate voids—into 
the rocket chamber which contains a suitable 
mandrel for obtaining the desired grain con- 
figuration. 


The propellant is then cured by polymer- 
ization—at a controlled temperature—to a firm, 
rubbery material; the pclymerization is usually 
an exothermic process. Consequently, there is a 
shrinkage of the grain, which must be allowed 
for, when the propellant is cooled slowly from 
the curing temperature to the ambient temper- 
ature. There are new formulations which can be 
cured at room temperature, thereby eliminating 
the grain shrinkage phenomena. 


The important characteristic of a solid pro- 
pellant is its calorific value because that deter- 
mines the combustion temperature and the 
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composition of the propulsive gas at the en- 
trance cross-section of the rocket nozzle. From 
the chemical composition of the propellant, the 
combustion temperatures and the composition 
of the propulsive gas—for different combustion 
pressures—are determined by thermochemical 
calculations, usually conducted on a computer. 


The ballistic properties of a composite pro- 
pellant are determined by the weight fraction of 
oxidizer in the formulation. Its physical prop- 
erties depend not only upon the binder material 
and its weight fraction, but also on the particle 
size and particle size distribution of the oxidizer. 


7-3.1 BINDERS FOR COMPOSITE PROPEL- 
LANTS 


Several organic materials have been invest- 
gated as possible binders (fuels). Those used in 
modern formulations are elastomeric monomers. 
Of the large number of organic binders which 
have been investigated, those listed in Table 7-2 
have either received the most development 
effort or the widest application. 


TABLE 7-2 


BINDERS FOR COMPOSITE 
PROPELLANTS 


Polysulfides 
Polyurethanes 


Butadiene Pyridine Copolymers 


Butadiene Acrylic Acid Copolymers (PBAA) 


Polyviny! Chloride 


Petrinacrylate 


For a detailed discussion of the binders for 
composite propellants, see Reference 2. 
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All of the binders listed in Table 7-2 isve 
been used in making castable propellant; except 
the butadiene pyridine copolymers; these have 
been used for making molded propellants pnn- 
cipally with ammonium nitrate (NH,NO,) as 
the oxidizer. 


It is desirable that the binder contain a small 
amount of oxygen so that a close approach to 
the stoichiometric oxygen balance can be 
achieved without having such a large fraction of 
solid oxidizer that the propellant has either poor 
mechanical or rheological (plastic) properties. 


7-3.2 OXIDIZERS FOR COMPOSITE PRO- 
PELLANTS 


Only a few solid oxidizers are available for 
use in solid propellant formulations. Table 7-3 
lists the oxidizers with which a substantial 
background of experience has been obtained, 
excepting lithium perchlorate (LiCI0, ). 

All perchlorate oxidizers produce hydro- 
chloric acid (HCl) in the exhaust gas which 
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condense: into a fog on a moist day. The 
propuisr.e gas from a propellant based on 
KC1O, is smoky because it contains condensed 
potassium chloride (KCl) which is 2 white 
powder. Practically all of the high performance 
castable composite propellants are based on 
using ammonium perchlosate as the oxidizer. 


Composite propellants based on metallic 
nitrate oxidizers such as KNO, and sodium 
nitrate NaNO, produce smoky exhausts. Con- 
siderable effort has been expended on de- 
veloping propellants based on NH,NO, as the 
oxidizer, because of its abundance. Due to its 
small available oxygen content, 2C percent, and 
the effect of temperature on its crystalline 
structure, it is difficult to make a high per- 
formance castable propellant having good 
rheological properties with NH, NO 3 as the 
oxidizer. 


For detailed information on the oxidizers 
listed in Tabie 7-3, see Reference 2. 


TABLE 7-3 


OXIDIZERS FGR COMPOSITE PROPELLANTS 


NAME 
Ammonium Nitrate NH,NO, 
Ammonium Perchlorate NH, C10, 
Potassium Nitrate KNO, 
Potassium Perchlorate KCIO, 
Lithium Perchlorate LiClO, 


DENSITY, %0, 
FORMULA Ib/cuin. | AVAILABLE 


80.05 0.061 20.0 
117.49 0.070 34.0 
101.10 0.076 39.5 
138.55 0.090 46.5 
106.40 0.087 60.0 
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7-3.3 ADDITIVES TO COMPOSITE PROPEL- 
LANTS 


The energy content of a solid propellant can 
be increased by including certain light metals in 
the propellant formulation. Currently the most 
widely used light metal additive is aluminum in 


finely powdered form. The addition of the 


aluminum increases the combustion temperature 
T,, and thus thereby the specific impulse 

w= ¢. ‘ Bi : 
Loy*a/ Tp/tu (see par. 6-3.7). In addition, it 
increases the propellant loading density 6,, (see 
par. 5-8.8). Another important advantage of 
adding powdered aluminum is that it is effective 
in suppressing high frequency combustion pres 


sure oscillations! °2. 


Considerable research effort is being directed 
to investigating additives which will reduce the 
molecular weight of the propulsive gas without 
increasing the combustion temperature to un- 
inanageable values. 


The use of metal additives introduces prob- 
lems. At high temperatures the aluminum incor- 
porated in a solid propellant burns to the oxide 
AlO which is extremely active chemically. The 


AlO reacts with the oxidizable structural mate- 
rials which come in contact with it. Moreover, as 
the aluminum oxide cools it forms a higher 
oxide Al,O, which condenses at 3800°F. Con- 
sequently, as the propulsive gas expands and 
cools, us it flows through the exhaust nozzle, 
condensed particles of Al,O, impinge upon the 
u.0zzle walls, producing severe erosion of the 
walls. Furthermore, the ALO, particles exert 
drag upon the gas molecules surrounding them; 
therefore, siice the particles pass through the 
nozzle rapidly, a considerable portion of the 
thermal energy of the particlesis lost in the 
exhaust gases. Consequently, there is =: signif- 
icant reduction in the specific impulse compared 
to isentropic thermochemical predictions? *®:’. 


Table 74 presents some typical castable, 
composite propellant formulations’. It is im- 
portant for such propellants that the binder- 
oxidizer slurry flow readily into the chamber or 
mold wherein it is to be cast and cured. The 
fluidity of the slurry depends upon the 
oxidizer/binder ratio, the particle size, and the 
particle size distribution of the oxidizer and any 
solid additives. The above consideration limits 
the useful oxidizer/ binder ratio. 


TABLE 7-4 


TYPICAL COMPOSITE PROPELLANT FORMULATIONS 
(Taken from Refezence 3) 


INGREDIENT POLYSULFIDE 
%o 
NH, C10, 71.00 
Binder 26.00 
Catalysts 2.00 
Additives 1.00 
Aluminum __ 





POLYURETHANE POLYBUTADIENE 
To 7% 
68.00 
16.00 
16.00 
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7-4 FACTORS GOVERNING THE SELEC- 
TION OF A SOLID PROPELLANT 


The factors to be considered in judging the 
merit of a solid propellant for a given appli- 
cation are presented below! »?»4 


7-4.1 SPECIFIC IMPULSE (Igy) 

The specific impulse of the solid propellant 
should have the largest possible value because 
the ideal burnout velocity Vj}; (see par. 5-9.3) is 
directly proportional to the Ip: 


For modern composite propellant formu- 
lations the basic ingredients are such that the 
combustion gases are compounds of the follow- 
ing elements: carbon (C), hydrogen (H), nitro- 
gen (N), oxygen (QO), and chlorine (Cl). For 
C-H-N-O-Cl systems the maximum obtainable 
specific impulses are in the range 240 to 250 sec. 
For a given composite propellant the specific 
impulse increases with the ratio of oxidizer to 
binder. There is a limit, however, to the quantity 
of oxidizer which can be incorporated into a 
given binder’. Various light metals are added to 
both composite and double-base propellant 
formulations for increasing the specific impulse. 


7-4.2 DENSITY OF PROPELLANT (Pp) 


It is desirable that the density of the 
propellant be high, so that a large value can be 
achieved for the propellant loading density, 
55=W)/We (see para. 5-8.8). Formost composite 
solid propellants? thepropellant density p,, will 
range from approximately 1.65 to 1.70 g/cc. 


7-4.3 HYGROSCOPICITY 


Most solid propellants nave _ ingredients 
which are hygroscopic and it is necessary to 
protect such ingredients from moisture. The 
effect of moisture absorbed by a propellant is 
tantamount to adding the amount of that 
moisture to the propellant formulation The 
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absorption of moisture can be prevented by 
hermetically sealing the rocket engine in its 
storage container. For a fuller discussion of 
hygroscopicity see Reference 2. 


7-4.4 CONTROLLABLE LINEAR BURNING 
RATE (r, ) 


It is desirable to have the capability of 
varying the linear bumitig rate r, over a wide 
range. Currently, solid propellant formwations 
have been developed having linear buming rates 
ranging from approximately 0.1 in./sec to ap- 
proximately 4.0 in./sec. A wide range of avail- 
able burning rates increases the design flexibility 
of solid propellant rocket motors. Also, it is 
desirable that the linear burning rate be rather 
insensitive to the small variations in combustion 
pressuic and ambient pressure. 


7-4.5 COEFFICIENT OF THERMAL EX- 
PANSION 


If a grain is to be case-bonded to the 
chamber, see Fig. 7-1, it is not usually feasible to 
match the thermal expansion coefficients of the 
chamber, the liner, and the propellant. It is 
essential, therefore, that the propellant grain be 
formulated so that it can withstand the stresses 
due to differential expansion. 


7-4.6 THERMAL CONDUCTIVITY 


Solid propellants are poor conductors of 
heat. For that reason it can be assumed without 
sensible error that the unbumed portion of a 
propellant grain is at the initial temperature of 
the propellant prior to its ignition. Because of its 
low thermal conductivity, it takes several hours 
and even days to bring a large propellant grain to 
a uniform temperature following a change in its 
environmental temperature (see Reference 2). 


7-4.7 CHEMICAL STABILITY 


High chemical stability is desirable so that 
the solid propellant will have good aging 
characteristics, i.e., performance should not 
deteriorate with long time storage. 
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Figure 7-1. Case-Bonded Caamber 


7-4.8 TOXICITY 


It is desirable that the propellant be safe to 
handle and, in the case of Army weapons in 
particular, the propellant gas should be nontoxic 
and not linger around the launching site. 


7-4.9 SHOCK SENSITIVITY 


It is desirable that the propellant should not 
detonate due to either mechanical or thermal 
shock. Shock studies should be conducted on 
both composite and double-base propellants, 
particularly the latter since they contain 
ingredients which can be detonated by shock! ?. 


7-4.10 EXPLOSIVE HAZARD 


The propellant should be safe to ship and 
handle oy well-known more or less conventional 
procedures. Its ignition temperature should be 
relatively high and the propellant should not 
burn readily at low pressures. The propellant 
should, however, readily ignite when fired by 
the igniter. 
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7-4.11 SMOKE IN EXHAUST 


For many applications smoke in the exhaust 
gases is highly undesirable because it leaves a 
signature detectable by the enemy. Formu- 
lations containing light metals are apt to give 
smoky exhausts. 


7-4.12 ATTENUATION OF ELECTRO- 
MAGNETIC SIGNALS 


For such missiles as ground-to-air missiles, it 
is important that good communications via 
electromagnetic waves be maintained between 
the ground station and the flying missile. In 
transmitting information from the ground con- 
trol station to the flying missile, the propulsive 
gas jet may be in or near the path between the 
ground station antenna and the missile antenna. 
The ion content of the propulsive gas jet can 
cause severe attenuation of the electromagnetic 
waves and make communication with the missile 
difficult. Metallic additives in the solid propel- 
lant formulation can increase the communi- 
cation and tracking difficulties. 't appears that 


higher energy fuels aggravate the attenuation 
probiem. 
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If possible the antenna on the missile should 
be located so that the gaseous exhaust jet from 
the rocket motor is not directly in the path 
between it and the ground antenna? :!°:!?, 


7-4.13 AVAILABILITY OF RAW MATE- 
RIALS 


If the propellant will be used in large 
quantities during an emergency the raw mate- 
nals from which the binder and oxidizer are 
made should be available in abundant quantities. 


74.14 FABRICATION AND PROCESS CON- 
TROL 


The propellant should be compatible with 
the usual construction materials and should lend 
itself to process control methods for assuring 
product uniformity in all respects when pro- 
duced in large quantities. 


The propellant should have a low shrinkage 
during cure and its curing exotherm should be 
low. A low curing temperature enhances safety 
in the manufacturing process. 


7-4.15 COST 


It is desirable, of course, that the propellant 
be relatively inexpensive. 


7-3 MECHANICAL PROPERTIES OF SOLID 
PROPELLANTS 


The mechanical properties of a solid propel- 
lant refer to its stress-strain relationship, 
Poisson's ratio, and its resistance to rupture 
characteristics. It is essential that the propellant 
grain withstand the loads imposed upon it 
during storage under different ambient temper- 
atures, shipping, handling, and firing. The actual 
loads, of course, will depend upon the applica- 
tion and design of the rocket engine. For many 
Army applications it is desirable that the solid 
propellant have good mechanicai properties over 
the temperature range —60° to +165°F, and be 
capable of withstanding temperature cycling 
between those temperatures. 
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In general a solid propellant grain is subject 
to three types of loads: (1) thermal loads cue to 
temperature difference within the grain, (2) 
pressure loads due to the igniton and com- 
bustion processes, and (3) inertial loads due to 
its acceleration. 


A solid propellant is not an elastic solid dut 
a viscoelastic material, therefore, its stress-strain 
behavior is not elastic but depends upon the vate 
of strain and the type of load. Consequently, it 
is difficult to predict with accuracy the effect of 
different types of loads upon the stress-strain 
relationships of a solid propellant. 


The JANAF Panel on Physical Properties of 
Solid Propellants in its publications describes 
standard tests for solid propellants. The results 
of such tests are significant only in that they 
compare the behavior of different propellants 
under the same test conditions. Whether or not 
the comparison is valid under actual operating 
conditions is open to question. 


The results obtained by standard JANAF 
tests show that the results depend upon the rate 
of loading, and that the faster the rate of loading 
the stronger the propellant. In the actual oper- 
ation of a rocket motor the rate of loading varies 
from slow rates due to temperature changes in 
Storage, to very fast rates during the ignition 
period. 


7-3.1 ULTIMATE TENSILE STRENGTH 


A large ultimate tensile strength is im- 
portant for propellant grains which are sup- 
ported at the head end and are subject to 
appreciable accelerations. Otherwise, it is use 
ful as an index of the adequacy of the 
quality control in manufacturing the propel- 
lant; uniform values of ultimate tensile 
strength are interpreted as uniformity in the 


‘manufacture of the propellant?. 


7-9 


RT) eT 


ee ee 


; “tt, Nahe wo, 





. ot a te! uf — oun bet _ en ~ 08 oes ee, Oe eet a ee ere n eee, 6) > ee, ee OE _ a enlie  e a  ee, 


- =. mad 


&, 
&: 
r 
£ Z 


. CONTE. 
ee PREY AT RT SANS Pe vad 


PCN eEYD vere carer sr were TOY MEN OAL OTR IT REP HIRT, PONG SHIH ON 


We) ap te en ite 5 ol oe hel ee 


a FUT eee YB. nee 


oF Qe are wey © Pape Fe doe ee ee 





AMCP 706-285 


7-5.2 ELONGATION IN TENSION 


In general, the propeiant grain and the 
chamber (see Fiz. 7-\) have different coef- 
ficients of therma! expansion. Consequently, a 
case-bonded grain must be capable of deforming 
to accommodate changes in dimensions of the 
chamber due to changes in environmental 
temperature. Otherwise, the case-bonded pro- 
pellant would pull away from the chamber 
thereby exposing additional burning surface 
which could be disastrous. Although the require- 
ments vary with different rocket motor designs, 
a minimum of 15 percent elongation at rupture 
iri tension at iow temperature is a typical 


requirement for large case-bonded propellant 
grains. 


7-5.3 MODULUS IN TENSION 


For case-bonded propellant grains it is 
desirable that the modulus in tension be 
relatively low, 300 to 600 psi, to avoid 
Tupture of the adhesive tond or distorting the 
case when the rocket motor is cooled. The 
same test determines the tensile strength of 
the propeilant, its elongatation, and its 
modulus in tension?. 


7-5.4 STRESS RELAXATION 


A case-bonded propellant grain, if if is not 
of the cigarette-burning type, contains an 
internal perforation, as illustrated in Fig. 7-1. 
The geometrical configuration of the perfora- 
tion can be a cylinder, a star, a gear, or soni: 
other. In perforations where there are sharp 
turns, points, or grooves, stress concentrations 
are apt to occur. When the propellant grain is 
stressed by either pressure or thermal loads, 
cracks may occur at the sites of the stress 
concentrations. The effect of such cracks 1s to 


expose additiona!] burning surface causing large 
unanticipated increases in the combustion pres- 
sure that may destroy the rocket motor. 
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It is advantageous, therefore, if the stresses 
due to distortion can be relaxed as the pro- 
pellant grain accommodates itself to its new 
environment so that the residual stress does 
not cause cracking in the areas of stress con- 
centration. 


The relaxation under tension of a propel- 
lant is determined by measuring the tensile 
stress at fixed elongation as a function of 
time? . 


7-5.5 CREEP 


It is essential that a propellant grain does 


not change its dimensions appreciably under - 


its own weight. This requirement imposes a 
lower limit upon the modulus in tension. 
Such a deformation is termed creep. As 
pointed out in Reference 2, experience is still 
the best criterion for assessing the tendency 
of a propellant to creep. 


7-5.6 COMPRESSIVE STRENGTH 


Ordinarily the compressive strength of a 
propellant is of the same order of magnitude 
as its tensile streneth; it is readily measured*. 


7-5.6.1 DEFORMATION AT RUPTURE IN 
COMPRESSION 


Thc propellant should not be so bnittle 
that its deformation under the gas pressure 
generated by firing the igniter will cause 
rupture. Usually, a minimum deformation of 


30 percent at rupture is specified for a solid 
propellant? . 


7-5.6.2 MODULUS IN COMPRESSION 


The deformation of the propellant grain 
under compressive loads must not cause 
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significant changes from its design geometry. 


This requirement imposes a lower limit on 
the modulus in compression. 


7-5.7 SHEAR PROPERTIES 


When a_ case-bonded grain attains its 
operating combustion pressure, the chamber to 
which it is bonded will stretch a small amount. 
Under accelerating conditions the weight of the 
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propellant grain must be supported by the shear 
strength of the bond between the propellant 
grain and the chamber. 


7-5.8 BRIGTLE TEMPERATURE 


Plastic materials exhibit a so-called brittle 
temperature below which their mechanical 
properties decrease. 
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a 
CHAPTER 8 3 
2 
SOLID PROPELLANT ROCKET MOTORS 
8-0 PRINCIPAL NOTATION FOR CHAPTER 8* Cy nozzle discharge coefficient: : 
a coefficient of pressure in the burning Cr _nozzie thrust coefficient = F/P Ay : 
rate equation, r = ap™ 
| cy specific heat at constant pressure 
a. acoustic speed for propulsive gas at 
entrance section of the exhaust noz- c, specific heat at constant volume 
zle, fps | 
weight flow coefficient = W,/p-Ay : 
a, moles of ith species of reactants “w , | 
d; inner diameter of a tubular grain | 
A cross-sectional area ; 
d, outer diameter of a tubular grain 
Ay area of burning surface for a solid 
propellant F thrust 
A, cross-sectional area of entrance section 8. gravitational conversion factor = 
of nozzle 32.174 slug-ft/lb-sec? 
Ach cross-sectional area of chamber en- G m/A = flow density 
closing the solid propellant 
Ag cross-sectional area of solid propellant , eee 
grain 
Ls specific impulse, sec 
A,, maximum cross-sectional area 
Lot total impulse, sec 
Ay port area for a solid propellant rocket 
more J mechanical equivalent of heat ~ 778 
A; area of nozzle throat ft-lb/B 
B: British therma! unit 1/)  —_ port-to-throat area ratio = Ap/Ay 
c effective exhaust velocity = F g,/m, K, _ propellant area ratio = Ap/A, 


3 ry 
c* characteristic (exhaust) velocity = L won hee chamber volume to the 
; nozzie throat area 
PeAc/my 


—— ee 
*Any consistent set of units may be employed; the units 


a hAAS here are for the American Engineess System (see m mass 
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Mo 


My 


=4 


Pc 


mass at burnout; mass of motor, 
includiny unburned propellant, at 
completion of propellant burning 


mass rate of flow 


mass rate of flow of propulsive gas = 
mass rate of propellant consumption 


motor gross mass; includes mass of 
propellant, liner, case, nozzle, and 
igniter (if attached) 

molecular weight 


Mach number 


pressure exponent in the linear 
burning rate equation (see Eq. 8-3) 


static pressure in psia 


static pressure at the entrance cross- 
section of the exhaust nozzle, the 
chamber pressure 


static pressure in psf 
ambient barometric pressure 
chamber pressure in psf 


exit plane pressure; the static pressure 
in the flowing gas in the exit plane of 
the exhaust nozzle 


maximum chamber pressure 
maximum ignition chamber pressure 
linear burning rate or regression rate 


of burning surface of a solid propel- 
lant 


_—.-—— oe. eee —eeeey oo — -- —e e-e e-- - oPoe. mm ee 





ap 


‘b/p 


tdp 


linear burning rate for Vy = 0 and d is 
held constant 


average regression rate for burning 
surface of a solid propellant = W/th/p 


time 


zero time; application of firing voltage 
to the igniter squib 


pressure action time; the time between 
the initial 10% maximum pressure 
level and the final 10% maximum 
pressure level 


100 psia burning time; the time be- 
tween the initial 100 psia level and 
the web burnout point of maximum 
rate of change of curvatfire on the 
pressure-time record 


pressure delay time; the time between 
t, and the initial 10% maxinum pres- 
sure level 

thrust ignition interval; time between 
t, and the initial 75% maximum 
thrust ievel 

temperature 

propellant temperature 

motor firing temperature; temperature 
of the propellant and motor just 
before ignition and firing 


chamber temperature 


temperature of gases in nozzle throat 


exhaust gas static temperature at the 
exit plane of nozzle 


web thickness 
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w weight rate of flow = m/g, 


Wy weight rate of propellant 
consumption = my/£c 


GREEK LETTERS 


a semiangle of diverging nortion of 
exhaust nozzle 


Y specific heat ratio = Cy/cy 
Yp specific weight of propellant, Ib/cu in. 
€ nozzle expansion ratio = A,/A, 


Ix temperature sensitivity of pressure at a 
particular value of K,, 


p __ density, slug/ft? 


Pe density of gas at entrance section of 
exhaust nozi.2 


Py density of propellant = Yp/ Be 


Op temperature sensitivity of propellant 
burning rate at a particular value of 
pressure 
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8-1] INTERNAL BALLISTICS OF SOLID PRO- 
PELLANT ROCKET MOTORS 





The flight characteristics of a rocket- 
propelled vehicle depend (among other things) 
on the performance of the propellant. 
Important flight performance (ballistic) 
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properties are described in the paragraphs 
which follow! :! 3:34 


8-1.1 BURNING OF A SOLID PROPEL- 
LANT (PIOBERT’S LAW) 


The combustion process for a solid pro 
pellant involves a series of chemical and 
physical processes that convert the solid pro- 
pellant into a propulsive gas; the overall com- 
bustion process is exothermic. For a com- 
bustible matenal to be a satisfactory solid 
propellant, its burning characteristics must be 
such that the operating combustion pressure 
P. is self-regulating, ie., the design value for 
P. is maintained solely by the mechanisms 
governing the combustion process. 


A solid propellant, double-base or a 
composite, bums at the surface and as the 
burning proceeds the burning surface recedes 
in layers which are parallel to each other. In 
other words, the burning surface recedes into 
the solid propellant grain in the direction of 
its negative, or inwardly drawn, normal (see 
Fig. 8-1). The burning characteristic just de- 
scribed is known as Piobert’s law®; the 
validity of Pioberi’s law has been confirmed 
by experience. Because a solid propellant 
grain bums in parallel layers, the general 
geometric configuration of the burning surface 
maintains itself until the web of the grain has 
burned through. 


8-1.2 COMBUSTION TEMPERATURE 


The propulsive gas formed by burning a 
solid propellant under pressure is in thermo- 
dynamic equilibrium at the prevailing com- 
bustion temperature T,. The thermodynamic 
properties of the propulsive gas are deter- 
mined by applying thermochemical cal- 
culations, as pointed out in par. 6-3. Signifi- 
cant deviations from thermochemical 
equilibrium may occur if any of the following 

nditions prevail during the combustion 
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SOLID 
PROPELLANT 





, ,NORMAL TO BURNING 
SURFACE 


BURNING 
SURFACE 
AT 


\ 
NORMAL TO BURNING 
SURFACE 


Figure 8-1. Piobert’s Law of Burning 


process: (i) very lowpressures, (2) an atmos 
phere, different from the propellant combustion 
gas, that tends te quench the combustion reac- 
tions, and (3) when the residence or stay time 
for the chemical reactions of the gases inside the 
combustion space, aiso called the free volume, is 
too short for attaining chemical equilibrium. 


8-1.3 GENERAL CHARACTERISTICS OF 
THE COMBUSTION PROCESS 


Since the burning of a solid propellant is 
in accordance with Piobert’s law, the burning 
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process may be assumed to be one-dimensional 
along the negative (inward) normal to the 
burning surface (see par. 8-1.1). All double-base 
and composite solid propellants have low 
thermal conductivities (see par. 7-4.6). Conse- 
quently, of the heat liberated at the burning 
Surface only a small portion is conducied a short 
distance into the propellant grain immediately 
behind the burning surface. It is in this subsur- 
face zone that the chemical reactions for the 
combustion process are initiated. Artificial 
means can, of course, be employed for con- 
ducting heat to regions bdehind the subsurface 
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zone, for example, it is possible to incorporate 
metal wires or staples in the propellant grain 
with the object of increasing the burning rate. 


Because of the chemical reactions in the 
subsurface zone the local temperature of the 
propellant is increased, so that liquefaction may 
occur in the case of some propellants or the 
propellant may be decomposed into volatile 
reactive fragments at the burning surface. The 
products of the decomposition of the propellant 
react in the gas phase and aie ultimately 
converted into the propulsive gas arriving at the 
entrance cross-section A, of the exhaust nozzle. 


The actual combustion process for a solid 
propellant is extremely complex and has been 
the subject of many investigations. Despite its 
complexity some rather simple concepts have 
been established that are helpful in giving an 
insight into the characteristics of the com- 
bustion of a solid propellant? ’*:* °®. 


8-1.4 COMBUSTION CHARACTERISTICS OF 
DOUBLE-BASE SOLID PROPELLANTS 


Observations of the csornbustion charac- 
teristics of double-base propellants have been 
conducted for many years. They indicate that 
when a double-base solid propellant burns at the 
usual combustion pressures employed in rocket 
motors, the gas-phase reaction zone has a 
definite but complicated structure. Because a 
double-base propellant is a homogeneous propel- 
lant it may be assumed that the gas-phase 
reaction zone is likewise homogeneous in every 
plane parallel to the burning surface. 


Several theories have been proposed for 
explaining the combustion of a double-base 
propellant. Fig. 8-2 illustrates schematically the 
combustion scheme employed in most of those 
theories. in general, the theories assurne the 
following: 


(a) All of the heat is evolved in the fizz 
and flarne zones (see Fig. 8-2); the fizz 
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zone is very thin; it extends only a few 
hundredths of a centimeter beyond the 
burning surface. 


(b) The temperature of the products at the 
end of the preparation zone is higher 
than at the end of the fizz zone. 


(c) The increased temperature of the 
products is attributed to heat conducted 
back from the flame zone into the 
preparation zone. 


(d) It is in the flame zone that the final 
Chemical reaction occurs; the heat liber- 
ated by that chemical reaction raises the 
temp:rature cf the combustion gases to 
the final (isobaric) combustion temper- 
ature, denoted by T,. 


(e) The reactants formed at the burning 
Surface diffuse Outward from that sur- 
face. toward the flanie zone. Conse- 
quently, the concentration of com- 
bustidle gases decreases as they proceed 
from the fizz zone through the flame 
zone. 


The propellant layers in the subsurface zone 
(see par. 8-1.3) are heated by thermal con- 
duction from the hot burning surface of the 
propellant grain. The resulting temperature rise 
initiates the decomposition of the nitroglycerin 
and nitrocellulose immediately behind the 
burning surface. The temperature of the burning 
Surface, termed the surface temperature, is 
difficult to either define or to measure. There is, 
however, a steep temperature gradient in the 
Subsurface zone. 


The exact location of the burning surface is 
also difficult to determine because of liquefac- 
tion and foaming phenomena. Nevertheless, 
because of the great utility of the concept of a 
Surface temperature in studying the combustion 
process, at least an approximate value must be 
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¢ Figure 8-2. Combustion Schematic for a Double-Base Solid Propellant 
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established for the temperature in the vicinity of 
the burning surface. Although there is no com- 
pletely satisfactory method for predicting or 
measuring the surface temperature, it appears 
probable that the surface temperature of a double- 
base solid propellant burning at a moderate 
pressure is approximately 300°C (Ref. 2). 


8-1.5 THE FLAME RZACTION ZONE FOR A 
DOUBLE-BASE SOLID PROPELLANT 


If an end-buming strand of a double-base 
solid propellant is burned in an inert atmos- 
phere, at pressures less than 200 psia, the flame 
is nonluminous. As the inert gas pressure is 
raised a luminous flame region appears at some 
distance in front of the burning surface. Further 
increases in the inert gas pressure cause the 
luminous flame to approach the burning surface 
and reduce the thickness of the cark region. 
When the inert gas pressure is approximately 
1000 psia, it becomes difficult to detect the 
dark region between the burning surface and the 
luminous flame. It is estimated that the heat 
produced by the dark region is less than one-half 
of that produced by the complete reaction, 
including that in the luminous flame zone. 


8-1.6 COMBUSTION CHARACTERISTICS OF 
COMPOSITE (NONHOMOGENEOUS) 
SOLID PROPELLANTS. 


Upon ignition, the binder (fuel) and the 
solid oxidizer particles exposed on the burning 
surface of the composite solid propellant grain 
decompose (pyrolize) separately and recede at 
slightly different rates. In a few milliseconds, 
however, a quasi-steady state is attained. Because 
of the difference in the recession rates of the 
binder and oxidizer, the surface of the propellant 
is rough and dry. The gaseous decomposition 
products are mixed by molecular diffusion, and 
the ensuing chemical reactions complete them- 
selves within a thin flame zone extending 
approximately 0.1 mm from the burning sur- 
face. If the propellant contains metallic additives 
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in its formulation, it appears that the vaporized 
metal also burns in that flame zone. The com- 
bustion process is sustained by heat being 
transferred from the flame zone back to the 
propellant burning surface that maintains the 
induction and decomposition processes. 


Fig. 8-3 illustrates schematically a com- 
bustion model frequently employed in studying 
the combustion of composite solid propellants. 


Heat is transferred to Regions I and II, from 
Regions III to VI, primarily by conduction, but 
radiation may also be important. Under normal 
operation a uniform burning rate is obtained. 


8-1.7 LINEAR BURNING RATE (SAINT- 
ROBERT'S LAW) 


The rate at which the buming surface of a 
solid propellant recedes normal to itself is 
termed the linear burning rate, and is denoted 
by r; it is usually meusured in in. per sec and its 
dimension (L/T) is that of velocity. The linear 
burning rate is a characteristic property of a 
given solid propellant. For constant values of the 
propeliant temperature T,, and the cormbustion 
or chamber pressure P,, the linear burning rate is 
independent of the dimensions and geometric 
configuration of the solid propellant grain. By 
definition, the propellant temperature T,, also 
called the motor firing temperature, is the 
temperature of the propellant and motor cham- 
ber just before ignition and firing? . 


If the propellant grain is designed so that it 
can burn in only one direction, it is termed a 
restricted-burning grain. A propellant grain 
which can burn simultaneously on all of its 
surfaces is called an unrestricted-burning grain. 


For a given propellant, the linear burning 
rate is a function of the combustion pressure Po 
the propellant temperature T,, the velocity of 
the propellant gas parallel to the burning surface 
Vo (for an end-burming grain Vy = (0), and the 
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COMBUSTION EFFECTS UNOBSERVABLE 
COMPRESSIBILITY AND DAMPING 
EFFECTS ARE IMPORTANT. 


HEAT CONDUCTION AND RADIATION, AND 
SOLIO PHASE REACTIONS ARE 
IMPORTANT. 


SOLID PHASE DECOMPOSITION REACTIONS 
AND A DECOMPOSITION TIME LAG- 


HEAT AND MASS TRANSFER, DIFFUSION, 
OXIDIZER AND FUEL VAPOR MIXING, AND 
VISCOUS AND TURBULENCE EFPECTS 
ARE IMPORTANT. 


EXOTHERMIC GAS PHASE REACTIONS 
AND A GAS PHASE TIME LAG. 


COMBUSTION PRODUCTS IN STATE OF 
NEAR CHEMICAL EQUILIBRIUM. 


Figure 8-3. Combustion Schematic for a Composite Solid Propellant 
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elapsed time t after the grain is ignited. It has 
been pointed out, however, that the burning rate 
of a combustible material must be indeperdent 
of the time t if it is to be a satisfactory solid 
propellant. Hence, one may write, in general, for 
a solid propellant 


r=F(po.T,.Vg) —_ (in./sec) (8-1) 


where p, is the combustion pressure in psia. 


The effect of the velocity V3 of the propel- 
lant gases past the surface of a given propellant 
is a secondary effect which causes erosive 
burning, this effect is discussed in par. 8-1.14. 
Because the instantaneous linear burning rate r 
cannot be determined, it is not possible to 
measure the instantaneous effect of V, upon the 
value of r. In view of the foregoing, the 
experiments for determining the linear burning 
rate of a solid propellant are conducted under 
conditions where V, = 0. The linear burning rate 


with Vg =0 is denoted by r,. Hence 


t, =F (py T,) (8-2) 


where r, = 1 = linear burning rate when Veg = 0, 


The form of the functional relationship 
expressed by Eq. 8-2 is determined _expen- 
mentally; in the experiments T, is held con- 
stant. The results of such experiments indicated 
that 


I) =are (8-3) 
where a and n are termed the pressure coef- 
Micient and pressure exponent (or index), respec- 
tively. 


Fq. 8-3 is known as Saint-Robert’s law, and 
in applying that law it is assumed that the 
coefficient a depends on T, and is independent 
of p, while the pressure exponent n is inde- 
pendent of both T, and p,. For the different 
solid propellants the value of the pressure 
exponent varies from approximately 0.1 to 
0.85. There are some double-base propellant 
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formulations, termed mesa propellants, for 
which n = O and n may even be negative, for a 
usable pressure range. 


The burning rates of modem solid propek 
lants can be varied over a wide range from less 
than 0.1 in./sec to more than 4.0 in./sec. For a 
large solid propellant rocket motor developing 
several hundreds of thousands of pounds of 
thrust a low burning rate with a small pressure 
exponent is desirable. For several Army 
weapons, such as antimissile missiles, a fast 
burning rate is highly desirabie. 


8-1.8 WEIGHT RATE OF PROPELLANT CON- 
SUMPTION (Wp) 


From Eq. 5-6 it follows taat 


Wy = CwPcAt — (Ib/sec) (8-4) 


In terms of the linear burning rate r,, 
a 8-5 
Wy =ToAnYp i 


where 
A; =area of the nozzle throat, sq in. 


Ay = area of burning surface for the solid propel 
lant, sq in. 


Yp= specific weight of the solid propellant, 
'b/cu in. 


Fig. 8-4 presents r,, at T, = 60°F, for 
several composite propellants made by com- 
pounding the same binder (fuel) with different 
amounts and kinds of inorganic oxidizers. 


8-1.9 VOLUMETRIC RATE OF PROPEL- 
LANT CONSUMPTION (Q,)) 


Let V.,, denote the internal volume of the 
rocket motor chamber before the propellant 
grain is inserted therein, and V,, the volume of 
the propellant grain. By definiti4n 
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Veqv 


en V., = the free volume (8-6) 


Dp 


As the propellant burns, the combustion gas 
flows into the free volume Vf. Simultaneously, 
V,, decreases and Vf increases. The volumetric 
ate of propellant consumption, denoted by Q,, 
is accordingly 


Qp = Ve =r, Ab (8-7) 


8-1.10 EQUILIBRIUM COMBUSTION PRES- 
SURE AND ITS STABILITY 


When a solid propellant bums, the law of the 
conservation of matter yields’ 


mass rate 

of 
propellant 
consumption 


mass rate 
of 
increase of 
gas occupying 
the free volume 


mass rate 
+ of 
flow of gas (8-8) 
through ex- 
haust nozzle 


By applying Eq. 8-8 it is found that if the 
pressure exponent n for a solid propellant is less 
than unity, then the equilibrium pressure for 
Steady state operation is inherently  self- 
regulating as far as small perturbations of the 
burning rate are concerned!. The larger the value 
of n, the more sensitive is the combustion 
pressure p, to minor iegularities in the com- 
bustion process. Such isregularities may arise 
from slight variations in the homogeneity of the 
propellant grain and small variations in the area 
of the burning surface due to small fissures or 
cracks in the grain, etc. Since n<]1 for the solid 
propellants used in rocket motors, the equilib- 
rium combustion pressure is stable. 
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8-1.11 EFFECT OF PROPELLANT AREA 
RATIO (K,,) 


When a solid propellant burns under steady- 
state conditions, the combustion pressure p, 
equals the equilibrium combustion pressure’ : 
Let 


A 
K,= > = the propellant urea ratio (8-9) 
Ay 
whereA, is the area of the buming surface. 
The combustion pressure can be expressed in 


terms of K,, the weight flow coefficient C,, 
AY pe: and the pressure coefficient a. Thus 


1 
aK A ei 


where 
AYng =p — Yg 


(8-10) 


(8-11) 


Yp = specific weight of the propellant, Ib/cu 
in. 


1” specific weight of the combustion gas, 
Ib/cu in. 


Pof =equilibrium combustion pressure, psia 


Eq. 8-11 shows that the propellant area ratio 
K,, exerts a predominant influence upon the 
combustion pressure p,. Since n is less than 
unity, the exponent 1/(1-n) is always larger than 
unity. Consequently, an increase in K, from 
any cause results in a much larger increase in p,. 
It is important, therefore, tha. the value of 
be held within close limits if the design value for 
P, is to be realized. 


Because of the strong dependence of p,. upon 
K,, it is important that the propellant grain be 
free of cracks, fissures, and porous material. 
Also the propellant grain should not become 
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separated from the materials employed for 
inhibiting it from buming. 


For a fixed value of propellant temperature 
experiments demonstrate that the propellant 


area ratio and the combustion pressure p, 
can be related by’ 
K,= bp? (8-12) 


In Eq. 8-12 it is generally assumed that the 
coefficient b varies with T,, the propeilant 
temperature, and the exponent m is independent 
of T.. 

0 


8-1.12 STABILITY OF THE SHAPE OF THE 
BURNING SURFACE 


Because the linear burning rate of a solid 
propellant is substantially the same at all points 
in the burming surface and also because the 
combustion pressure is uniform over that sur- 
face, the burning surfaces recede parallel to 
themselves. As a result the geometry of the 
burning surface does not change during the 
combushon process. 


8-1.13 PRESSURE DEFLAGRATION 
AND PRESSURE LIMIT 


LIMIT 


For practically every solid propellant there is 
a minimum combustion pressure, termed the 
pressure deflagration limit, below which the 
buming of the propellant is erratic. Depending 
upon the propellant formulation, tlie pressure 
Geflagration limit ranges from 190 to 500 psia, 
approximately. 


Experiments inaicate that if the combustion 
pressure Of a solid propellant is raised to higher 
and higher values, a combustion pressure may be 
eventually attained where only a small increase 
in the propellant area ratio K, causes the 
propellant to bum in a more or less uncon- 
trollable manner. The aforementioned limiting 
combustion pressure is termed the pressure 
limit. 

3-12 


8-1.14 EFFECT OF THE TEMPERATURE OF 
A SOLID PROPELLANT 


The temperature of a solid propellant affects 
its physical characteristics and behavior, and also 
its linear burning rate. It is important, therefore, 
to have a knowledge of the effect of temper- 
ature over the anticipated range to be expected 
in the application of the solid propellant rocket 
motor. 


8-1.14.1 GENERAL EFFECTS OF TEMPER- 
ATURE 


At low propeliant temperatures the elastic 
properties of practically all solid propellants 
become poor, and in some cases the grain may 
become so brittle that it may crack when 
subjected to either shock or temperature 
cycling. Differences in the thermal expansion of 
the motor case, the liner of a case-bonded grain, 
and of the propellant may cause the grain to 
crack. When the flame reaches the crack, there is 
a large increase in the buming surface with a 
corresponding increase in K,,. As a result the 
combustion pressure may reach prohibitive 
values. 


Certain propellants become more difficult to 
ignite as the propellant temperat:'re is lowered, 
thereby increasing the ign’tiuis ‘clay (time 
elapsed between firing the ‘ni: :+ ».4d complete 
ignition of the burning surface’. 


At high propeusant te... wuss above 
140°F many solid propelia:is tend to soften 
and become puustic. They may not be able to 
withstand the sudden pressure application 
during ignition without appreciable deformation 
of the grain. 


Some propellants are subject to cold flow or 
slump when stored at the higher ambient 
temperatures, changing the configuration of the 
grain and hence the performance of the rocket 
motor. 
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Because of the influence of the propellant 
temperature upon the physical characteristics of 
a solid propellant, it is important that serious 
attention be given to the reconimendations for 
storing, handling, and shipping solid propellant 
rocket motors. 


8-1.14.2 TEMPERATURE SENSITIVITY 


The linear burning rate for a given propellant 
burning in a rocket motor having a fixed value 
of K, is affected by the propellant temperature 
T,- In general r, increases if T, is increased and 
vice versa. The effect of T, on r, for a given ‘solid 
propellant is termed its tempera ture sensitivity)! 


It is customary to express the temperature 
sensitivity of the ballistic parameters (I> Po F), 
in percent change per degree Fahrenheit from 
their values at some standard firing temperature 
Ty = Togq (usually Tyg = 60°F), under a 
constant condition of K,. When T, > T.tq, the 
parameters have values larger than those cor- 
responding to T, = T.4q, and vice versa. 


Thus the temperature sensitivity coefficient 
for the linear burming rate, denoted by By. 1S 
defined by 


_ j dr, 
o ff, | *n 
where (or, /OT, )K,, is the rate of change for the 


linear buming rate with temperature for a 
constant value of K,.. 


(8-13) 


For thrust F and combustion pressure Po 
one can write 


l oF 
= — —— = thrust 
Ne = 5 lk TUS 
. temperature 
sensitivity 
coefficient (8-14) - 
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and 


_ 1 OP¢ 
Pe pe bac 


| 


= combustion pressure 
temperature 
sensifivity 


coefficient (8-15) 


The temperature sensitivity of a solid prorel- 
lant is an undesirable property. In those appli- 
cations where the rocket-propelled vehicle can 
be stored under controlled temperature con- 
ditions, as in the case of ABM’s and ICBM’s, no 
problems are introduced by temperature sen- 
sitivity. It can Cause serious problems in systems 
which must operate over a wide temperature 
range (—40° to +160°F). Consequently, the 
effect of the temperature sensitivity upon the 
performance of a rocket-propelled vehicle must 


be studied and means for overcoming its adverse _ 


effect incorporated in the system design. 


For some applications the cold weather 
problems introduced by the temperatute~ sen- 
sitivity of the propellant can be circumvented by 
employing heating blankets for keeping the solid 
propellant at a specified temperature. 


Many additives to the solid propellant 
formulation for either reducing or eliminating its 
temperature sensitivity have been investigated, 
but no satisfactory solution of the problem has 
been achieved. Because it is highly desirable to 
have some method for controlling the temper- 
ature sensitivity of solid propellants, research for 
attaining that objective should receive strong 
support. 


8-1.15 EROSIVE BURNING 


The velocity of combustion gases parallel to 
the burning surface has an effect upon the linear 
burning rate called erosive burning. Although 
the exact mechanism whereby the burning rate 
increases as the combustion gas velocity is 
increased is only incompletely understood, its 
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occurrence has been observed. Since erosive 
burning increases with increased gas velocity, the 
effect is more pronounced in a restricted flow 
cross-section such as the nozzle end of an 
internak-buming case-bonded grain during the 
initial phases of combustion. Erosive burning is 
evidenced by peaks in the combusticn pressure 
during the early phase of the combustion of the 
propellant grain’) °"? 1,12,13,14,15 


No completely satisfactory relationship has 
been developed for correlating data on the 
erosive burning of solid propellants. It is custom- 
ary, however, to express the erosive burning of a 
_ Solid propellant in terms of the erosion ratio € as 
a function of the gas velocity Vg" where 

E= r/t, (8-16) 
and r is the linear buming rate with erosive 
burning. 


From the limited data available it appears 
that € increases with the gas velocity Ve when 
the latter is above some minimum value. 
Furthermore, it appears that e is larger for the 
slower-buming propellants, and is independent 
of T,,. More research is required to obtain a 
better understanding of, and more reliable data 
on, erosive burning. When it becomes available 
this lacking information will be of great value to 
the designers and developers of solid propellant 
grains. 


8-2 COMBUSTION PRESSURE OSCIL- 
LATIONS IN SOLID PROPELLANT 
ROCKET MOTORS (UNSTABLE BURN- 
ING) 


Under certain operating conditions the com- 
bustion pressure, and hence the thrust, of a solid 
propeliant rocket motor equipped with an 
internal-burning grain may increase practically 
‘nstantaneously to several times its design value 
for no apparent reason. Experiments indicate 
that the phenomenon is always accompanied by 
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dangerous, large-arnplitude, high frequency 
oscillations in the combustion pressure. The 
aforementioned type of burning has been 
termed combustion pressure oscillations, 
resonant burning, sonant burning, unstable com- 
bustion, combustion instability, and others; it 
has been a subject of study since World War 
| Gea Consequently, a voluminous literature 
pertinent to combustion pressure oscillations in 
solid propellant rocket motors has been devel- 
oped, and References 16 to 34 inclusive are 
illustrative of the types of investigations which 
have been and are being conducted. 


82.1 TERMINOLOGY EMPLOYED IN UN- 
STABLE BURNING OF SOLID PROPEL- 
LANT ROCKET MOTORS 


In general, unstable burning in a solid 
propellant rocket motor is characterized by 
undesirable isregularities in the combustion 
pressure and in the linear burning rate. Fig. 8-5 
presents the terminology pertinent to the dif- 
ferent types of burning that have been obseived 
together with brief descriptions of the principal 


‘phenomena associated with the principal types 


of unstable burning. Although both low and 
high frequency combustion pressure oscillations 
have been observed the discussion will be re- 
stricted to high frequency oscillations, generally 
termed acoustic instability, because they are the 
most damaging. The frequencies of such oscil- 
lations correspond to one or more of the 
acoustical modes pertinent to the geometry of 
the cavity wherein the combustion occurs, hence 
the term resonant burning. 


82.2 ACOUSTIC INSTABILITY IN SOLID 
PROPELLANT ROCKET MOTORS 


Fig. 8-6 illustrates the pressure-time curves 
for the different types of burning noted in the 
figure. Table 8-1 summarizes the harmful effect 
due to oscillatory buming in a solid propellant 
rocket motor. 
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TABLE &1 


SOME EFFECTS DUE TO ACOUSTIC 
INSTABILITY IN A SOLID 
PROPELLANT ROCKET MOTOR 

















(1) Initiation of irregular burning. 


(2) Several-fold increase in the normal 
heat transfer rates. 





(3) Vibrations of the vehicle structure 
and, unless they are vibration iso 
lated, the components of guidance, 
electronics, and other subsystems. 





(4) Fatigue failure of the metal com- 
ponents of the rocket motor and 
vehicle structure. 





(S) Changes in the physical and chemical 
properties of the propeliant due to 
oscillations in the heat transfer rates 
and vibrations. 


(6) Variations in specific impulse due to 
incomplete combustion. 





(7) Overexpansion or underexpansion of 
the propellant gas due to oscillations 
in the combustion pressure, thus 
affecting the flight program of the 
vehicle. 


It is evident from Table 8-1 that for the 
satisfactory operation of a vehicle propelled by a 
solid propellant rocket motor, oscillatory 
burning and irregular burning of the solid 
propellant should be avoided. 


Oscillatory burning has been observed at 
almost any time during the burning of a solid 
propellant grain. It has occurred almost im- 
mediately after the onset of burning, and 
continued through the duration of burning, or 
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ceased at some time during the burning process. 
Obviously, no generalizations can be drawn 
regarding when in the burning period oscillatory 
burning may occur. 


Experimental observations indicate that 
oscillatory burning “‘triggers” irregular burning. 
Consequently, an understanding of the factors 
causing oscillatory burning and the development 
of means for either avoiding or suppressing it 
should be helpful in preventing the occurrence 
of irregular burning. Because of our ignorance of 
the precise effects and the relative importance of 
the different pertinent physical and chemical 
parameters, the current methods for suppressing 
oscillatory burning are of necessity based on 
experience combined with “cut-and-try” experi- 
ments on full-scale rocket motors. Although the 
solutions obtained in that manner are expensive 
and very time consuming, that method of 
solution will remain the only sound approach 
until the rnuch needed information that is 
lacking has been obtained from well-planned 
experimental investigations. Without such in- 
formation for guidance, it is less than realistic to 
expect a solu .n to the oscillatory burning 
problem by mathematical reasoning alone. More- 
over, with the increasing application of larger 
and larger thrust solid rocket engines to the 
solution of propulsion problems it is essential 
that strong support: be given to research con- 
cerned with obtaining a better understanding of 
the cause and effect processes leading to 
acoustic instability. 


Table 8-2 presents some general conclusions 
which can be derived from the expenmental 
programs concerned with acoustic instability’ ’. 


Table 8-3 summarizes the principal methods 
investigated for suppressing acoustic instability. 
Of course, the most desirable method is Method 
3. 


It should be noted that there is considerable 
Variation among the experimental results 
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TABLE 8-2 reported in the literature, and much of the work 
is still uncorrelated. Nevertheless, the experi- 
PRINCIPAL CONCLUSIONS FROM mental effort which has been expended together 
EXPERIMENTS CONCERNED WITH with that in progress is gradually establishing a 
ACOUSTIC INSTABILITY basic understanding of the pertinent concepts 
that should be helpful in developing a sound 
(1) Stability decreases with increasing theoretical approach in the problem of acoustic 

energy release rate (rOH Pp). instability. 


(2) Oscillatory burning is responsive to 
oscillation of pressure at the burning 


In summary, there is still no completely 
surface of the propellant. 


satisfactory theory for explaining the cause of 


oy acoustic instability or for predicting whether 
(3) Irregular burning is responsive to the es . - . 
seas . or not it will occur in a specific design of a 
oscillations in gas velocity at the 
burning surface, and not to changes solid propellant rocket motor. It has been 
in mean gas velocity. demonstrated by experiment and firings of 
large solid propellant rocket motors that the 
addition of small amounts of either powdered 
aluminum or aluminum oxide to either com- 
posite or double-base propellant formulations 
effectively reduces or completely eliminates 
acoustic instability? >. 







r — linear burning rate. 
AH, — enthalpy of combustion. 


Py — density of the propellant. 


TABLE 8-3 


METHODS FOR SUPPRESSING ACOUSTIC INSTABILITY 
(Solid Propellant Rocket Motors) 


DESIGNATION DESCRIPTION 


(1) Acoustic Arrangement of geometric factors to 
Inter- make excitation of the acoustic 
ference modes difficult. 





EXAMPLES 


Resonance rods; baffles; fore-end 
free-volume; elimination of aft-end 
irregularities. 































(2) Damping 
of 
Acoustic 


Energy 





Utilization of viscous effects and heat 
transfer to dampen the acoustic 
energy in the flow field. Damping in 
the solid propellant and bulk damp- 
ing in the gases to rob the acoustic 
ficld of energy. 


Turbulence generators in regions of 
high stream velocity; bare meta! wall 
heat sinks in regions of large temper- 
ature oscillation; solid or liquid 

particles in the gas flow. 


Acoustic 
Uncou- 


pling 





Making the propellant unresponsive 
to pressure oscillations. 


Proper location of burning surface; 
metallic powders in propellant formu- 
lation. 
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8-3 IGNITION OF PROPELLANT GRAIN 


A solid propellant will not ignite until 
the temperature of its burning surface is 
brought above some minimum temperature 
called the ignition temperature. Furthermore, 
the burning surface must be held at a suf- 
ficiently high temperature for a sufficient period 
of time. In other words, the rate at which heat is 
transferred uniformly to the burning surface of 
the propellant grain must exceed the rate at 
which it is conducted from that surface to the 
interior of the grain, i.e., until the required 
activation energy for self-sustaining combustion 
has been transferred to the burning surface. The 
igniter for achieving the ignition process must 
produce a sufficient quantity of high temper- 
ature gas for raising the chamber pressure to an 
adequate level; the latter is particularly im- 
portant in those cases where the propellant grain 
is to be ignited at high altitude, as in the last 
stage of an ICBM. In some cases it may be 
necessary to seal the hot ignition gas in the 
motor chamber by incorporating a rupture disc 
in the nozzle construction. 


The igniter charge, usually a pyrotechnic 
mixture, is located in the fore-end of a small 
internal-burning combustible grain. Many dif- 
ferent igniter materials have been used either in 
the form of pellets, or as a single slug. Small 
rocket motors are frequenctly used as the 
igniters for large solid propellant rocket motors. 


An electrical signal which acts on a heat 
sensitive material, called the squib, initiates the 
inition process. The ignition train proceeds 
through a series of boosters which cause hot 
igniter particles to be sprayed over the burning 
surface of the propellant grain, in addition to 
the heat transferred to that surface by convec- 
tion and radiation from the ‘igniter gases. It is 
helpful to the ignition process if the igniter gases 
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are rich in oxygen. If the binder (fuel) does not 
produce volatile gases readily under the ignition 
conditions, ignition will be difficult to accom- 
plish. 


The time interval from signal t, (zero time) 
to 75% of the maximum pressure level on the 
pressure-time record is called the pressure igni- 
tion interval and is denoted by t;,, and is usually 
of the order of 200 milliseconds. The initial 
maximum pressure, due to ignition, is termed 
the ignition peak and it should not 2xceed the 
design value of the combustion pressure by more 
than approximately 10 percent. 


Fig. 8-5 presents chuffing or chugging as a 
form of unstable burming which may occur if the 
igniter does not have sufficient capacity to give 
complete ignition of the buming surface of the 
solid propellant grain, i.e., the surface actuaiiy 
ignited is smaller than Ay the design value of the 
burning surface. Consequently, the propellant 
area ratio K, is also smaller than the design 
value. Consequently, the combustion pressure 
becomes abnormally low. The aforementioned 
situation can occur either when the propellant 
temperature is low or if the igniter releases 
insufficient energy for igniting the entire 
burning surface. Either condition is apt to give 
rise to chuifing or chugging. The combustion 
process becomes periodic with a low frequency, 
and there are large amplitude changes in the 
combustion pressure. Moreover, the average 
value of p, is generally low. The propellant grain 
usually burns in a pulsating manner until it is 
consumed or buming ceases. In some cases, the 
propellant grain may be fractured by the pulsa- 
tions, especially if the propellant temperature 
Tp is very low and the propellant ts brittle, with 
the result that there is an inordinately large 
increase in the actual value of K,. The com- 
bustion pressure may then become so large that 
the chamber is damaged. Because of the dangers 
associated with improper ignition of the propel- 
lant grain, the igniter employed for initiating 
burning of the propellant should furnish 
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sufficient heat to the burning surface so that the 
propellant ignites properly under alJ operating 
conditions. In some motors a thin blow-out 
diaphragm is installed in the throat of the 
exhaust nozzle to confine the gases produced by 
the igniter, thus aiding in building up the igniter 
combustion gas pressure. In other designs the 
igniter is designed to scatter burning particles 
over a sufficiently large area of the propellant 


burming surface to assure positive ignition of the 
grain !. 


The igniter capacity should not be such that 
the high pressure generated by its explosion will 
crack the propellant grain, fail the chamber, 
damage the nozzle or the hardware associated 
with the thrust vector control system. 


Some experiments have been conducted 
wherein a solid propellant grain is ignited by 
injecting a liquid which reacts spontaneously 
with the solid propellant. In general, however, 
the results have been unsatisfactory because of 
the intolerably large vulues of the pressure 
ignition interval tip. 
8-4 SOLID PROPELLANT GRAIN CON- 

FIGURATIONS 


Fig. 8-7 illustrates schematically six com- 
monly used sclid propellant grain configur- 
ations, namely: 


(1) The end-burning (also called cigarette- 
burning) grain illustrated in Fig. 8-7(A) 
is a restricted-burning grain and gives a 
substantially constant chamber pressure, 
or thrust, with burming time. This 
burning characteristic is termed neutral 
burning and is illustrated in Fi,. 8-8(A). 


(2) Fig. 8-7(B) illustrates the internal- 
burning star grain which can be designed 
to give neutral burning. The burning 
takes place on the surface of the star- 
shaped perforation. The grain is usually 
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bonded to the chamber (case-bonded) 
which reduces the heat transferred to the 
chamber during the burning process. By 
changing the geometry of the star the 
grain can be made either regressive- 
burning (see Fig. 8-8(B)) or progresstve- 
burnin (see Fig. 8-8(C) instead of 
neutral burning. 


(3) Fig. 8-7(C) illustrates schematically a 


single-perforated or tubular solid 
propellant grain which ts a com- 
monly used unrestricted-burning grain. 
Its geometry is defined by its 
length L,,, which is assumed to remain 
constant during the burning period, and 
the propellant grain cross-sectional area 
Ay = 7 (d? — dj)/4, and the web 
thickness w = (d, — d:)/2. The tubular 
grain suffers from the disadvantage that 
the combustion pressures acting upon its 
inner and outer surfaces may be dif- 
ferent. Consequently, the differential 
pressure acting on the grain may cause it 
to fracture at some instant in the 
burning period when the web is thin. If 
it is necessary to equalize the pressures 
on the two sides of the web, small radial 
holes may be drilled through it at vegular 
intervals along the grain. 


(4) Fig. 8-7(D) illustrates the cruciform 


grain, a design for eliminating the un- 
equal pressure distribution of the afore- 
mentioned tubular grain (Fig. 8-7(C)). A 
cruciform grain with the outer surface of 
only two of its legs inhibited against 
burning yields a neutral-burning curve 
(Fig. 8-8(A)). If all of the outer surfaces 
are inhibited the area of the burning 
surface increases with time yielding a 
progressive-buming curve (Fig. 8-8(C)). 
If none of the outer surfaces are in- 
hibited, then the area of the burning sur- 
face decreases with time and a regressive- 
burning curve is obtained (see Fig. 8-8(B)). 
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Figure 8-7. Some Typical Propellant Grain Configurations 
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Figure 8-8. Effect of Variations in the Area of the Burning Surface of 2 Solid Propellant 
Grain on the Pressure-Time Curve 
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The cruciform grain is strong and free of 
erosive burning. 


(S) Fig. 8-7(E) illustrates schematically a rod 
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The durationof the burning time ty depends 
on the web thickness w = (d, — d;)/2. 


If Ach denotes the cross-sectional area of the 





<> 
“<P and tube grain design. The burning sur- chamber housing the tubulzr grain, then the 
face is the sum of the internal surface of ratio AV /A ch is termed the loading density, 
the tube and the external surface of the where 
rod; one of these surfaces increases (the _T oy ; 
tube) while the other decreases. If the 4w* 4 (do - di 
linear burning rates of the tube and 
the rod are equal, a neutral-burning The cross-sectional area through which the 
curve can be obtained. By using combustion gas can flow, adjacent to the propel- 
different propellants for the tube and sant grain, is termed the port area and is denoted 
the rod, the shape of the thrust-time by Ap. Hence 
curve can be varied to give a desired 
variation of thrust as a function of time, “4p =4ch — AG * port area (8-17) 
within practical limits. Problems are By definition, the port-to-throat area ratio, 
2. frequently encountered in supporting denoted by 1/J, is given by 
| the rod in applications where the motor 
“* is subjected to large accelerations. Fig. - Ap : Ach -AG 
8-7(F) illustrates a multiple-tubular grain /3= an Va (8-18) 
“\ design. t t 
es In general, rocket motors are designed so 
(6) Fig. 8-7(G) illustrates schematically a that the port-tothroat area ratic is approxi- 
multiple-perforated grain design. \n  Mately 1/J > 2.0. Because of demand for higher 
such designs the perforations are dis- loading density, values of 1/J < 2 are used where 
°* posed so that all of the burning surfaces the resulting erosive burning can be tolerated 
aes are approximately equal distances apart. (see par. 8-1.15). 
Such an arrangement can be designed so 
slightly progressive. LANT ROCKET MOTORS 
8-5 PORT-10—THROAT AREA RATIO (1/3) Heat is transferred from the hot combustion 
gases to those surfaces in contact with them by 
Consider the tubular grain illustrated Convection, radiation, and conduction. Of those 
schematically in Fig. 8-7(C). Assume that the ‘nodes of heat transfer, convection is the dom- 
inner and outer surfaces of the tube have the imant one. The quantity of heat transferred to 
same linear burning rate, then d; increases atthe the surfaces in contact with the combustion 
same rate that d, decreases. Consequently, the  £4S°S 18 a complex function of several variables 
area of the burning surface A), remains constant, such “s the lame temperature, the physical 
. _ properties of the combustion gases, the grain 
and if there is no erosion of the nozzle throat, design, the combustion pressure, and the con- 
~ * then figuration of the motor case and exhaust nozzle. 
Since the total weight of the inert metal parts 
-\ K, = Ab = propellant area ratio = constant must be held to a minimum, the internal-burning 
ec Ay case-bonded grain design is favored since only 
8-23 
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the fore-cap and nozzle are exposed to the hot 
gases. In general, for short burning durations, less 
than approximately 5 sec, the problems due to 
heat transfer are not serious. For applications 
such as ballistic missiles where the duration of 
burning is relatively long, as much as 90 sec, the 
problems arising from heat transfer are difficult 
and challenging. 


Because of the extremely high mass velocity 
of the combustion gases and their high temper- 
ature (4500° to 5500°F for high performance 
propellants), the heat transfer rates to the 
aft-cap and nozzle are large, but those in the 
nozzle throat are several-fold those for the 
afi-cap. The aft-cap is protected from reach- 
ing dangerously high temperatures by protect- 
ing it with layers of a suitable insulating 
material In general, the exhaust nozzle is 
equipped with a ceramic or carbon liner for 
protecting the outer metal case surrounding the 
liner. Propellants which contain metals in their 
formulation may introduce problems because of 
the tendency of their exhaust gases to erode the 
throat of the exhaust nozzle. Considerable 
research and development effort is required for 
developing satisfactory temperature resisting 
materials for protecting the inert parts of solid 
propellant rocket motors. 


Of importance is the fact that the heat 
transferred to the burning surface of 4 solid 
propellant grain by the hot combustion gases 
flowing past the surface does not penetrate far 
below that surface, because of the rapid rate 
with which the surface recedes. Consequently, 
the changes in temperature of the propellant 
grain cue to the heat transfer need not be 
considered in internal ballistic studies. 


Under transportation and short time storage 
conditions the temperature of the propellant 
grain in a solid propellant rocket motor will 
generally be different from that of the ambient 
atmosphere. The heat transfer from the atmos 
phere to the propellant takes place at a slow 
rate and, when the temperature difference is 
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substantial, significant temperature gradients can 
arise in the grain that cause severe thermal 
stresses. If the grain is being cooled by the 
ambient temperature, assuming a case-bonded 
internal-burning grain, the grain tries to pull 
away from the case and there are large tensile 
stresses at its inner and outer surfaces. 


8-6.1 AERODYNAMIC HEATING?® 28 39: 40 


If a rocket-propelled vehicle moves through 
the air with very large velocities, as for example 
an antimissile missile, the thin layer of air 
adjacent to the surtaces of the vehicle cannot be 
assumed to be a perfect gas; this thin layer of air 
is characterized by its steep velocity gradient. 
Because of this velocity gradient, very high local 
temperatures are produced by the friction (vis- 
cosity) resulting from the adjacent layers of air 
moving at different velocities. Moreover, at 
stagnation points there are high stagnation 
temperatures due to bringing the air to stagna- 
tion from a high velocity relative to the moving 
venicle (see par. A-5.2). For air assumed to be a 
perfect gas, the stagnation temperature T° is 


T?= amb (1 +0.2 M?) 
where 


M = V/a = the Mach number, V the flight speed, 
and 


a= /7RTamp = the local acoustic speed 


8-6.2 EFFECT OF AERODYNAMIC HEATING 
ON INTEGRITY OF ROCKET MOTOR 
CHAMBERS 


It is apparent from the last equation that the 
aerodynamic heating increases with the square 
of the flight Mach number. Aerodynamic heat- 
ing affects the structural integrity of both steel 
and giass-filament wound rocket motor v..am- 
bers; the former loses strength by annealing and 
the latter due to charring of the resin or plastic. 


The problem is particularly critical on the 
leading edges of aerodynamic control surfaces 
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employed for steering the vehicle, as in low 


altitude intercept missions of incoming 


ICBM’s. 
«<> 
<4 >» &7 GONERAL DESIGN CONSIDERATIONS 

The design details of a solid prcpellant 
rocket motor will depend upon the mission it 
must fulfill, the storage temperatures and 
temperature cycling it will encounter, and the 
conditions it will be subjected to under field 
handling conditions. By and large most of the 
requirements to be satisfied are of a practical 
nature and are not subject to an accurate 
analytical study. Once the specific propellant 
formulation has been decided upon, the designer 
has considerable latitude in_ selecting such 
parameters as the combustion pressure, burning 
rate, grain configuration, and the design of the 
chamber. 


o 
‘e ste 


The problems which must be solved in 
developing solid propellant motors are primarily 
those pertinent to obtaining precise thrust ter- 

_ mination, accurate thrust vector control, and 
+ means for taking into account the temperature 
' sensitivity of the propellant. 


8-7.1 SELECTION OF COMBUSTION PRES- 
SURE 


For a rocket motor equipped with a con- 
ventional type of exhaust nozzle having fixed 
geometry, the following design criteria apply: 


(1) The combustion pressure P, should be at 
least 100 psia above the deflagration 
pressure limit (see par. §8-1.13) cor- 
responding to the lowest value of propel- 

a lant temperature Tp which is to be 
encountered. 

- (2) The combustion pressure should be well 
below the pressure limit corresponding 
to the highest value of T,, to be en- 
countered (see par. 8-[.13). In general, 
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higher combustion pressures are em- 
pioyed for short duration boost applica 
tions where a large but brief thrust is 
desired, and moderate combustion pres- 

“% sures for long duration applications 
where the weight of the inert parts of 
the rocket motor must be kept as light as 
possible. 

(3) The combustion pressure depends upon 
the selection of the linear burning rate r, 
obtainable from the propellant formu- 
lation. Note that the relation between 
P, andr, 1s exponential (see Eq. 8-3). 


8-7.2 ESTIMATE OF THE WEIGHT AND 
VOLUME OF THE SOLID PROPEL- 
LANT GRAIN 


The total weight of a solid propellant grain, 
denoted by Wp depends upon the total impulse 
required for satisfying the requirements of the 
mission. If F denotes the thrust required (as- 
sumed to remain constant during the burning 
time t,) and I, is the specific impulse of the 
propellant, then 


Wp = Ftp/Icp (8-19) 


Eq. 8-19 gives the minimum weight of solid 
propellant for the required total impulse. This 
weight should be increased by 1 to 3 percent, 
depending upon the uniformity of the product 
and the closeness with which it meets the design 
specifications, to allow for slivers of the propel- 
lant that are not consumed. It cannot be 
overemphasized that the development and ap- 
plication of reliable process control procedures 
are as much a part of the development of a 
satisfactory solid propellant as is the chemical 
research which enters into determining the most 
satisfactory propellant formulation. 


If Yp denotes the specific weight of the 
propellant and Vp the volume of the grain, then 
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Vo = Wy/%p (8-20) 
8-7.3 DETERMINATION OF NOZZLE 
THROAT AREA 


8-7.3.1 GENERAL CONSIDERATIONS 


The exact dimensions of the propellant grain 
depend upon the configuration which is se- 
lected: internal-burning star, rod and tube, 
etc! °. In general, the shape of the grain must be 
such that its burning area Aj, has the correct 
value for producing the required thrust through- 
out the burning period. 


The throat area of the exhaust nozzle A, 
may be determined from any one of the 
following three relationships! : Thus 


A, = Ap/K,, (8-21) 
At = Wy/CyPc (8-22) 
A, =F/Cyp, (8-23) 


where the weight flow coefficient Cy (see Eq. 
5-7) is obtained from experimental data perti- 
nent to the propellant. 


The +xit area for the nozzle depends on the 
expar.ion ratio for the exhaust nozzle (p,/p,) 
and the specific heat ratio y, for the combustion 
gases (see Chapter 4). 


8-7.3.2 EFFECT OF PROPELLANT GRAIN 
CONFIGURATION 


The thrust of a solid propellant rocket 
motor, like the combustion pressure, varies with 
the area of the burning surface Aj. Couse- 
quently, variation in the area of the burning 
surface can be utilized for programming the 
thrust as a function of the burzuing time. The 
programming is accomplished by shaping the 
grain in such a manner that the desired 
amount of burning surface is provided 
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at each insiant during the _ burning 


period. 


With case-bonded, internal-burning, §star- 
shaped, or cruciform grain, it is possible by 
proper arrangement of the geometric pro- 
portions between the number of points of the 
star, the angle between those points, and web 
thickness, to obtain either neutral, progressive, 
or regressive burming characteristics. 


In addition to the aforementioned 
geometric type of control, the area of the 
burning surface can also be varied by em- 
ploying inhibiting coatings so that certain 
areas of the grain are prevented from burning. 


A third method of thrust program control 
which may be preferable for certain appli- 
cations can be accomplished by constructing 
the grain from propellants having different 
burning rates. 


8-7.4 ROCKET MOTOR CHAMBER AND IN- 
SULATION?? 4154? 


The chamber (see Fig. 7-1) must support 
the solid propellant grain and also contain the 
propulsive gas at the design chamber pressure 
P,. Such items as the igniter, the nozzle, etc., 
are attached to or mounted on the chamber. 
If the rocket motor propels either the first or 
an intermediate stage of a multistage vehicle, 
means must be provided for attaching the 
Other stage. If the rocket motor propels 
either the last stage of a multistage vehicle or 
propels a single-stage vehicle, means must be 
provided for attaching the payload to it. 


The chamber is designed as a pressure vessel, 
and its weight must be as small as feasible be- 
cause of the effect of its empty weight on the 
burnout velocity (see par. 5-9.2). Care must be 
exercised to avoid large stress concentrations, due 
to discontinuities, at such locations as the igniter 
boss and the nozzle attachment section. 








Oe ea ee 





Because of the demand for chambers having 
high strength and low weight, th. criterion for 
selecting materials for chambers is the strength- 
to-weight ratio of the material. In other words, a 
light material having a moderate allowable de- 
sien stress may be more suitable to a heavier 
material which can carry higher design stresses. 
Because of its high strength-to-weight ratio, 
glass-filament wound cases have found favor 
particularly for the larger rocket motors. 


The cylindrical portion of the chamber 
requires Only light lateral heat insulation, but 
heavy insulation is needed on the aft and 
forward domes particularly on the aft dome. As 
the perforation in the grain—considering a 
case-bonded internal-burning grain (see Fig. 7-1) 
—increases during burming, the aforementioned 
domes become exposed to the hot combustion 


gases. 


The gas velocities are highest at the aft end 
of the perforation and they generally experience 
somewhat sudden changes in direction as they 
leave the perforation and impinge upon the aft 
dome insulation, with considerable turbulence. 
Consequently, there is severe erosion of that 
insulation. It is difficult, however, to predict 
where the most severe erosion will occur. Be- 
cause the flow conditions are not amenable to 
mathematical analysis, the development of the 
proper shape, kind, and amount of insulation 
needed at the aft dome is determined primarily 
by experience. 


At the temperatures of the combustion 
products of modern solid propellant no heat 
insulating material is completely stable. Most of 
the heat insulating materials are high temper- 
ature plastic materials containing carbon, silicon, 
and others. Some thermal decomposition of the 
insulating matenal occurs and is utilized as a 
part of the mechanism of insulation, termed 
ablation’®. The exposed surface of the insula- 
tion decomposes thereby absorbing heat, and 
the flow of the gaseous decomposition products 
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away from the surface cause a slight thickening 
of the thermal boundary with a consequent 
reduction in the rate of heat transfer to the 
insulating material. 


Another cause of sérious erosion of the 
insulation arises from condensed phases in the 
propellant gas from propellants containing 
metallic additives. The relative large density of 
the condensed products prevents them from 
changing their direction as rapidly as the gaseous 
products, consequently they are ejected from 
the gas stream by their inertia and impinge 
on certain areas of the insulation. Some of the 
high temperature gaseous components such as 
carbon dioxide (CO, ) and water vapor cause 
oxidation of the materialis lining the exhaust 
nozzle, thereby aggravating erosion. 


8-7.5 NOZZLES FOR SOLID PROPELLANT 
ROCKET MOTORS 


The gas dynamic considerations affecting the 
design of the rocket motor (propulsive) nozzle 
are presented in par. 4-8. Regardless of the 
nozzle configuration, it is desirable that the 
throat area of the nozzle A, remain constant 
during the burning period for the rocket motor. 
Unfortunately, two influences cause the throat 
area tu change during the burning period: (1) 
the temperatures of the propulsive gas exce: d 
the melting temperatures of all but a few 
materials, and (2) the converging portion and 
the throat are subject to severe erosion. 


With modern propellants, the throat of the 
nozzle—the region of maximum heat flux— 
will reach the melting temperature of steel in 
approximately 5 sec. If the burning time th 
exceeds approximately S sec, materials having 
higher melting temperatures than steel must be 
employed. Although graphite withstands high 
temperature per se, it oxidizes readily and be- 
cause Of its softness is susceptible to both 
mechanical and chemical (oxidation) erosion. 
Hard, refractory metals such as hot 
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molybdenum and tungsten have good thermal 
and erosion resistance, and can be employed in a 
hot reducing atmosphere; for example, the 
melting temperature of tungsten is approxr 
mately 6100°F. Unfortunately such materials 
have low thermal conductivities, are brittle, and 
have low resistance to thermal stress, due to 
large temperature gradients in the matenial. 
Experience indicates that the maximum thermal 
stress occurs in approximately 0.09 sec, almost 
coincident with the ignition peak; thereafter the 
thermal stress decreases. 


The thermal stress problem can be alleviated 
by using thin sections of the refractory metal, 
thus avoiding large temperature gradients in the 
material. In practice—because some erosion 
always occurs, and in the interest of reducing 
the cost and weight of the nozzle—the re- 
fractory metal is usually surrounded by an 
insulating material and then assembled in either 
a steel or titanium shell. 


The portion of the nozzle downstream from 
the throat is a region of decreasing heat flux, 
decreasing density of the propulsive gas, and has 
little or no irapact of the condensed phases upon 
the walls. For those reasons a refractory liner is 
unnecessary; the diverging portion ordinarily is a 
steel shell protected by a high temperature 
plastic liner. Fig. 8-9 illustrates schematically a 
cross-section through a rocket motor nozzle of 
the type discussed above. 


For short duration rocket motors, ty less 
than approximately 3 sec, the heating and ero- 
sion problems are greatly reduced and much 
simpler nozzle constructions can be employed. 


8-7.6 CONTROL OF VEHICLE RANGE 


A solid propellant rocket motor produces 
propulsive thrust as long as the burning propel- 
lant produces a supply of propulsive gas. At 
tail-off, where the grain finally completes 
burning, the chamber pressure and thrust 
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decrease to zero. The consumption of the 
propellant cannot be used as a parameter for 
controlling the range of a rocket-propelled 
vehicle because of its inadequate precision for 
that purpose and also a shorter range may be 
desired than that corresponding to the complete 
consumption of the propellant grain. Range 
control is, therefore, based on either eliminating 
or neutralizing the propulsive thrust, and the 
time for actuating the range control must be 
predicted accurately. 


One scheme is to provide the rocket motor 
with one or more ports through which a gas 
flow, in the direction opposite to that of the 
propulsive (nozzle) jet, produces a thrust op- 
posing the main propulsive thrust. The ports are 
closed until the reversed thrust is desired at 
which time the ports are opened explosively by 
an electrical signal. Opening the ports increases 
the area tor the discharging propulsive gas, 
consequently, the chamber pressure decreases. 
As a result, the linear burning rate decreases, and 
there may be irregular burning. 


Another scheme is to equip the vehicle with 
suitable drag brakes. 


Experiments have shown that positive ter- 
mination of thrust and some thrust modulation 
can be achieved by injecting water into an 
operating solid propellant rocket motor®’. 
Thrust termination and payload separation are 
discussed in Reference 48. 


8-7.7 THRUST VECTOR CONTROL (TVC) 
OF SOLID PROPELLANT ROCKET- 
PROPELLED VEHICLES 


In many applications of solid propellant 
rocket motors means must be provided for 
steering the rocket-propelled vehicle, particu- 
larly for the larger vehicles which are required to 
maneuver at very high altitudes where aero- 
dynamic surfaces are ineffective. Even at low 
altitudes, disturbances during the launch phase 
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STEEL EXIT CONE 
SHELL LINER 


Figure 8-9. Section Through a Rocket Motor Nozzle 


of the flight path and cross-winds may Cause 
unacceptable deviations in the flight path which 
must be corrected. Where efficient aerodynamic 
forces are inadequate, the propulsive jet ejected 


by the’ exhaust nozzle can be utilized for 


furnishing the forces for changing the attitude of 
the vehicle. 


The thrust F acting on a rocket-propelled 


vehicle is, of course, due to the reaction to the 


momentum flux of the propulsive (exhaust) jet. 
If the line-of-action of F coincides with the 
longitudinal axis of the rocket-propelled vehicle 
and if that axis passes through the centroid of 
the vehicle, the thrust F acts in the axial 
direction and produces no moment on the 
vehicle. Suppose now that a means is provided 
which deflects the propulsive jet laterally, as 
illustrated in Fig. 8-10. Because of the lateral 
deflection of the propulsive jet, the thrust force 
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F makes an angle a with the longitudinal axis of 
the vehicle and the resulting lateral force com- 


ponent produces a turning moment which 
changes the attitude of the vehicle. The deflec- 
tion of the propulsive jet for achieving attitude 
controi of the rocket-propelled vehicle is termed 
thrust vector control, or briefly TVC. 


There are several means for achieving TVC. 
In the case of liquid propellant systems, TVC is 
achieved by gimballing the thrust chamber 
(rocket motor plus nozzle). That form of TVC is 
usually inapplicable to solid propellant rocket 
motors because of their size and weight. Conse- 


quently, other means of TVC had to be de 
veloped for solid propellant rocket motors, and 


these may be divided into three main groups: (3) 
mechanical means, based on inserting an adjust- 
able obstruction in the supersonic exhaust gas 
stream; (2) movable nozzles, which are 


8-29 


© VER TR Bs TB a ° 


Mga pr ve 


otha a gat ue 


«oye Pe RABI ¢ vee ris bitin: 
e 
. . de 
ee les ee le 8 ee ee ee Oe 


a 





| 
Fa, 


: 


meet 


~ .-..1fe oe. meme . @ 


o m= Gee we: wo, aw wD, . 
» 
. 


ee ror carmen up era OT IEE EP PITT ENE PORTAL EIT: ESS AOE TOP IY I AE LT OT I IIE SALES DET Se Ra era * 
- a © ow — we ee om ee en! ee . ’ a 


AMCP 706-285 


/\\ 


CENTROID 


[ 






/ 








AXIAL THRUST 


LATERAL FORCE DUE TO JET DEFLECTION 


Figure 8-10. Jet Deflection To Achieve Attitude Control 


analogous to gimballing the thrust chamber of a 
liquid propellant rocket engine; and (3) fluid 
mechanical means, termed secondary injection, 
wherein a fluid (a liquid or a gas) is injected 
latterally into the supersonic stream flowing in 
the diverging portion of the rocket motor 
noZZie. 


8-7.7.1 MECHANICAL MEANS FOR ACHIEV- 
ING TVC 


Fig. 8-1] illustrates schematicaliy four dif-- 


ferent mechanical means for achieving TVC. The 
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oldest .; the jet-vane (Fig. 8-11(A)). Its major 
disadvantages are its weight and the fact that the 
jet-vanes are immersed in the hot gas stream 
during the entire burning period for the rocket 
motor. With the higher flame temperatures of 
modern solid propellants with their condensible 
exhaust products, the problem of finding a 
material capable of withstanding the higher 
temperature gases with their increased erosive 
effect has become insurmountable from an 
engineering viewpoint. 
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(8) JETEVATOR 








(D) PADDLE VANE 


Figure 8-11. Mechanical Means for Effecting Thrust Vector Control 


Since there are periods in the burning period 
tp when no attitude control is required, it is 
reasonable to provide a TVC means which 
removes the jet deflection means from the hot 
gas stream during such periods. Fig. 8-11(B) 
illustrates such a TVC means known as a 
jetevator. When it is rotated into the propulsive 
jet, the supersonic gas stream is disturbed so that 
it separates from the nozzle wall. A high 
pressure is developed in the separated region 
which is not balanced by the stable flow on the 
opposite wall, hence a lateral force component is 


produced. An additional force component is 
produced by the deflection of the propulsive jet 
as it flows through the oblique shock wave, as 
lustrated in Fig. 8-11(B). 


Figs. 8-11(C) and 8-11(D) illustrate 
Schematically how the jet tab or spoiler? and 


the paddle vane achieve jet deflection to ac- 
complish TVC. 


All of the mechanical TVC systems il- 
lustrated schematically in Fig. 8-11 cause losses 
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in axial thrust due to the thermodynamic 
irreversibilities they introduce into the flow 
field. To eliminate such losses, movable nozzles 
were introduced. 


8-7.7.2 MOVABLE NOZZLES 


Fig. 8-12(A) illustrates schematically the 
essential features and operating principle of the 
swivel nozzle. In this system there is no loss in 
the magnitude of -the thrust vector, anly its 
direction is changed as the diverging portion of 
the nozzle is rotated, and the control is limited 
to a direction perpendicular to the axis of 
rotation. By employing a ball-and-socket type of 
joint, a lateral force can be developed in any 
desired direction. 


Fig. 8-11(B) illustrates schematically the 
essential features and operating principle of the 
rotatable nozzle which is a modification of the 
swivel nozzle. The nozzle can be rotated about a 
plane which is inclined to the nozzle axis. 
Control is obtainable in all directions. 


The movable nozzles which have been built 
are bulky, heavy, and complicated. It is essential 
that the joint be sealed against the high temper- 
ature, high pressure propellant gas which is a 
difficult design problem. Moreover, the control 
forces required for actuating the movable por- 


tion of a large nozzle can become so large that. 


they cause a severe drain upon the electric 
power source (battery, etc.) installed in the 
vehicle. 


Because of the higher flame temperatures 
and large amounts of solid particles or liquid 
droplets in the propulsive gas formed by burning 
modern high performance solid propellants, the 
TVC systems illustrated in Figs. 8-11 and 8-12 
have become inadequate, especially for long 
burning times or large thrust solid propellant 
rocket motors. 


8-32 


° aw te. Pe i ee oe -or &. = - ~ 4 « - 
e - 
Ly 
- 1 4 . 
_— ——_ eee - — Oe, eee 9 OO ee eee a em et we oe mT er en 
t 


8-7.7.3 SECONDARY INJECTION FOR TVC 


Secondary injection appears to be idealiy 
suited for TVC in the case of rocket motors 
burming modez solid propellants. Fig. 8-13 
illustrates schematically the principle of em- 
ploying secondary injection for TVC. A fluid, 
called the injectant is injected into tke nozzle, 
downstream from the throat where the primary 
flow is supersonic. The disturbance of the 
primary flow by the injectant causes a shock 
wave to form a region of flow separation, as 
illustrated in Fig. 8-13. The local high pressures 
associated with the shock wave can yield large 
lateral forces which are not balanced on the 


opposite wall of the nozzle. Hence, a net latera! 


force is produced which is the sum due to the 
momentum force of the injeciant and that due 
to the induced shock. In general, the total lateral 
force, also called the side force is approximately 
1.5 times that die to the momentum flux of the 
injectant. 


In theory, the best injectant would be hot 
propellant gas drawn from the rocket motor 
chamber, but two major problems are en- 
countered. First, to obtain side force modu- 
lation, which is a requirement, a suitable hot-gas 
flow-control valve which will maintain its 
integrity in a high temperature gas containing 
condensed phases is needed. Second, the open- 
ing and closing of the hot-ges valve causes 
variations in the chamber pressure that may be 
intolerable. It is, of course, possible to use a 
separate hot-gas generator for producing the 
flow of injectant if its dimensions and weight 
can be tolerated 535455 -56-58, 


TO avoid the aforementioned probieims, the 
current secondary injection TVC systems are 
based On using a liquid injectant; a liquid having 
a high vapor pressure is desirable. The ideal 
liquid injectant is one which evaporates almost 
immediately upon its exposure to the hot 
primary gas flow. Since the temperature of the 
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fiquid injectant is low, its specific impulse will gas flow. Since the piopeNant gas forming the 
likewise be low so that large amounts of primary flow is usually rich in fuel components, _ 


injectant are required. 


The quantity of injectant (liquid or gas) per 
pound of desired side force can be reduced if the 
injected fluid reacts chemically with the primary 
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a fluid containing oxidizing materials should be 
helpful. Many problems haye to be studied 
before the appropriate domain for the appli- 
cation of secondary injection TVC systems can 
be established. 
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CHAPTER 9 


PROPERTIES AND CHARACTERISTICS OF LIQUID PROPELLANTS 


9-1 FACTORS .TO BE CONSIDERED IN SE- 
LECTING LIQUID PROPELLANTS 


From a broad viewpoint the term liquid 
propellant refers to any liquid which is injected 
into the comtustion chamber of a liquid rocket 
motor. By convention, however, the term 1s 
applied to any liquid chemical which 1s an 
essential component of the liquid chemical 
reactants, called the liquid propellantsystem, for 
producing the high temperature propellant gas 
which is expanded in the rocket exhaust nozzle. 


Considerable research and development ef- 
fort has been expended on synthesizing new 
propellants and improving the properties of the 
older ones. As a result there is a large number of 
liquid propellant systems (oxidizer + fuel) to 
choose from. There is no shortcut, however, for 
selecting the most suitable propellant system for 
a given application. The selection is greatly 
influenced by the operating requirements 
imoosed upon the rocket engine’ . 


For example, many military applications of 
liquid rocket engines require that the perform- 
ance of the engines be unaffected by variations 
in the temperatures of the liquid over the range 


--65° to +165°F. These operating specifications 


impose stringent limitations upon the number of 
liquid chemicals that can be considered as 
propellants for such applications. For ground- 
based ballistic inissiles, as the IRBM and ICBM 
types, the operating temperature specifications 
can be relaxed materially so that there is a 
broader choice of liquid propellants for those 
applications. 


In general, there are no liquid propellants 
which are ideal from all viewpoints-such as 


performance, handling, storage, etc. Con- 
sequently, one must assess the relative itmpor- 
tance of the advantages and disadvantages of the 
specific liquid propellant with regard to the 
particular application being considered. 


From a strictly technical viewpoint the 
selection of a propellant system (fuel + oxidizer) 
should be governed by the factors pertinent to 
achieving the largest value of impulse-to-weight 
ratio for the liquid rocket-propelled vehicle. 
Sound engineering—combined with military needs 
—dictates that the selection consider the logis- 
tics, handling, storage, transportation, avail- 
ability, toxicity, the use of strategic materials, 
and other practical factors. Consequently, the 
selection of a propellant system always involves 
a compromise between the technical and the 
practical factors pertaining to the application’ . 


9-2 PRINCIPAL PHYSICAL PROPERTIES OF 
LIQUID PROPELLANTS! **"° 


The properties to be considered in selecting 
a liquid propellant are discussed in this chapter. 
Detailed information on liquid propellants can 
be found in Liquid Propellant Handbock, 
Battelle Memorial Institute (Confidential), or 
Obtained from Chemical Propellant Information 
Agency, Applied Physics Laboratory, Johns 
Hopkins University, Silver Spring, Maryland. 


9-2.1 ENTHALPY OF COMBUSTION 


It is desirable that the calorific value per unit 
weight of a bipropellant system be as large as 
possible. 
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9-2.2 CHEMICAL REACTIVITY 


The bipropellants should react rapidly so 
that the required residence time for complete 
combustion is short. Otherwise, large values of 
the characteristics length L* will be necessary 
(see par. 10-3.2.1). 


If the propellants are hypergolic the engine 
design is simplified by not requiring ar ignition 
system. 


High chemical reactivity is desirable in that 
there is less danger of explosions from unburmed 
propellants accumulating in the combustion 
chamber. Furthermore, there is evidence that 
combustion pzessure oscillations are related to 
chemical reactivity and the susceptibility to 
them decreases with increased reactivity’. 


9-2.3 CHEMICAL STRUCTURE 


The chemical structures of the liquid propel- 
lants are important because they determine the 
composition of the propellant gas. From Eq. 6-3 
it is apparent that the specific impulse Ion is 
proportional ,/T,/m .Table 9-1 presents cal- 
culated values of specific impulse for several 
liquid propellant systems, based on shifting 
equilibrium, assuming isentropic expansion of 
the propellant gas from the nozzle inlet pressure 
P. = 1000 psia to the nozzle exit pressure P= 
14.7 psia. It is seen from Table 9-1 that values of 
lp ms large as 411 sec are possible in the ideal 
case 


To obtain large values of specific impulse the 
liquid propellants must be selected from those 
chemicals formed from the atoms listed in the 
first two rows of the periodic table; i.e., 
molecules containing one or more of the 
following elements: H, O. N, F, B, C, and Cl. 
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9-2.4 AVERAGE DENSITY OF PROPELLANT 
SYSTEM ( Py) 


The average density of the propellant system 
(fuel plus oxidizer), denoted by p,,, should be 
high so that the dimensions and weights of the 
propellant tanks, the propellant pressurizing 
system, and the associated plumbing are muini- 
mized. In general, liquid fuels have smaller 
densities than liquid oxidizers; hence, those 
propellant systems giving satisfactory values of 
specific impulse with large valuesof mixture 
ratio r (where r = m, /my) yield large values of 
average propellant density p,, and in most cases 
large values of density aul 14 (see Eq. 6-34). 


The density of a liquid propellant system is a 
function of its temperature. In the case of a 
petroleum fuel—such as JP-4, JP-5 or RP-1—the 
density also varies with the fuel chemical com- 
position. Ordinarily, it is desirable to maintain a 
constant mixture ratio r for the propellants 
burned during the powered flight of the rocket- 
propelled vehicle, so that both fuel and oxidizer 
tanks will be emptied practically simultaneously. 
To achieve that objective, some form of auto- 
matic propellant utilization system must be 
provided for maintaining r at the required value. 


In the case of a long-range ballistic missile, 
such as an ICBM, the variations in the density of 
the propellants due to aerodynamic heating are 
generally quite small because such a missile 
reaches a very low density atmosphere (high 
altitude) in less than one rainute of the powered 


flight. 


9-2.5 BOILING POINT AND VAPOR PRES- 
SURE 


A high boiling point, preferably above 
100°F, is desirable so that the liquid propellants 
can be stored in lightweight tanks without 
incurring excessive ioss by evaporation. For 
Army applications it is desirable for the vapor 
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pressure to be small at temperatures up to 
approximately 160°F. Otherwise, the evapo- 
ration of the propellant in storage will be 
excessive. 


The boiling point and vapor pressure char- 
acteristics of a propellant exert a major influ- 
ence upon the design and operating character- 
istics of the pressurizing system, particularly in 
the case of a turbopump system. Because of 
their low weight, high speed centrifugal pumps 
are employed exclusively in the turbopumps of 
large liquid propellant ballistic missiles. Propel- 
lants having low boiling points and high vapor 
pressures tend to induce cavitation phenomena 
in the pumps and supply lines. To prevent the 
occurrence of cavitation and vapor lock prob- 
lems, thc propellant tanks have to be pressurized 
with an inert gas, usually nitrogen or helium, so 
that pressures at all points in the feed system are 
above that inducing cavitation’. Propellants 
having large vapor pressures increase the re- 
quired gas pressures and may necessitate in- 
creasing the thickness, and consequently the 
weights, of the propellant tanks. 


9-2.6 FREEZING POINT 


It is desirable that the propellant remain 
liquid at the lowest temperature to be encoun- 
tered in storage on the ground and in flight. For 
certain applications some liquid chemicals can- 
not be considered for use as rocket propellants if 
their freezing points are above —65°F. 


9-2.7 DYNAMIC OR ABSOLUTE VISCOSITY 


A low dynamic viscosity is desirable at all 
operating temperatures; preferably less than 10 
centipoises at —65°F. Otherwise, the pressure 
drop required for transferring the liquid propel- 
lant from the supply tank and injecting it into 
the rocket motor becomes excessive. 
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9-2.8 SPECIFIC HEAT 


If the liquid propellant is utilized for cooling 
the rocket engine by forced convection, as in a 
regeneratively cooled rocket motor (see par. 
10-4.3), a high specific heat is advantageous. The 
total amount of heat 2 regenerative coolant can 
absorb is equal to the product of its flow rate, 
specific heat, and the temperature rise between 
its inlet and saturation temperatures. From a 
cooling standpoint a high saturation temperature 
is also desirable. The saturation temperature 
should be at least 300°F but should not exceed 
approximately 700°F if the wall temperatures 
are to be kept from becoming dangerously 
high’. 


9-2.9 CHEMICAL STABILITY 


The liquid propellant should be stable 
chemically when stored within the desired tem- 
perature range for reasonable periods of time. It 
must also be stable at the temperatures it will 
encounter in the operation of the rocket engine. 
In that connection liquid chemicals which de- 
compose and deposit salts when utilized as a 
regenerative coolant may not be usable for 
certain applications’ . 


It is preferable that the liquid propellant not 
decompose violently when heated, nor be sen- 
sitive to shock. 


9-2.10 CORROSIVITY 


It is desirable that the liquid propellant have 
a low chemical reactivity with the materials 
employed for storage containers, valves, piping, 
rocket motors, bearings, pumps, gaskets, eic. 
Otherwise, problems arise concerned with the 
storage and handling of the propellant, and the 
design of the engine components. 


Ordinarily, the fuel component of a bipro- 
pellant combination introduces fewer material 
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selection problems than the oxidizer. Never- 
theless, the compatibility of the fuel with the 
available construction materials should be con- 
sidered since several of the possible fuels do 
attack the more common metals and plastics. 


The selection of the most appropriate mate- 
tials for all of the components of a liquid 
propellant rocket engine is one of the major 
problems entering into the design and construc- 
tion of a satisfactory engine’. 


9-2.11 TOXICITY 


It is desirable that the toxicity of the liquid 
propellant be low so that it can be handled with 
conventional equipment and procedures. 


9-2.12 AVAILABILITY 


Rocket propellants which would be used in 
large quantities during an emergency must either 
be readily available or their production potential 
must be ample to meet the anticipated demand. 


9-2.13 COST 


In determining the cost of the propellants for 
powering a liquid rocket-propelled vehicle, the 
total amount of propellants supplied to the 
vehicle from the time it is placed in service 
readiness to the completion of its firing must be 
take.1 into account. It is the total impulse of the 
missile divided by the cost of all of the 
propellant consumed that determines. the 
impulse per unit of cost. Obviously, a large value 
of impulse per unit of cost is desirable. 


It was pointed out earlier that the energy for 
propulsive purposes, in the case of a chemical 
rocket engine, is derived from a chemical re- 
action which produces gaseous products and 
liberates heat; the heat of the reaction raises the 
temperature of the reaction products to between 
5000°F and 8500°F depending upon the 
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specific propellants involved. Only a portion, 
ordinarily between 50 and 60 percent of the 
heat of reaction, can be used for achieving a 
large exhaust jet velocity. Consequently, the 
specific impulse obtainable from a chemical 
rocket engine, regardless of type, is limited by 
the heat of reaction of the propellants burned in 
the rocket motor. 


Propellant systems are generally compared at 
the same combustion pressure (usually 1000 psia 
for liquid propellants) assuming complete 
(isentropic) expansion of the combustion gases 
to standard sea level pressure (14.7 psia). 


For any thermodynamic rocket engine— 
chemical, nuclear, electrothermal—the specific 
impulse, therefore, increases with the square 
root of the fraction of the available enthalpy 
converted into jet kinetic energy and the avail- 
able enthalpy change is, of course, limited by 
the heat of reaction for the propellants. As 
mentioned earlier only 50 to 60 percent of the 
enthalpy can be converted into jet kinetic 
energy. There are substantial differences, how- 
ever, in the percent of the enthalpy of the 
different propulsive gases that can be converted 
into jet kinetic energy. 


Currently, the specific impulses obtainable 
with typical liquid bipropellant systems exceed 
those obtainable with solid propellant systems. 
For liquid systems it will be shown later that the 
maximum obtainable specific impulse is approx- 
imateiy 400 sec, compared with a possibility 
that specific impulses approaching 300 sec may 
be obtainable with solid propellants in perhaps a 
decade. 


As can be inferred from par. 9-2, high 
specific impulse by itself is insufficient as a 
Criterion for seiecting a chemical propellant 
system. One must also consider—and this applies 
also to the propellants for electric rocket engines 
—the stability of the propellants under storage 
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TABLE 9-1 = 
CALCULATED SPECIFIC IMPULSES FOR SEVERAL LIQUID je 
PROPELLANT SYSTEMS* a 
(Shifting Equilibrium, Isentropic Expansion; Adiabatic Combustion; One-dimensional Flow; 
P, = 1000 psia + P, = 14.7 psia) i> 
1 1 - 2 3 4 St oe 
Oxidizer Fuel r Py Ty c* Isp = 
Chlorine (N, H,) Hydrazine 2.80 1.50 6553 5961 293.1 ie: 
Trifluoride 4 ; 
(CIF ,) (N,H,CH,) MMH” 2.70 1.41 5858 5670 286.0 1: 7 
(B, H, ) Pentaborane 7.05 1.47 7466 5724 289.0 as - 
a ;. 
Fluorine (NH, ) Ammonia 3.30 112 7797 7183 359.5 5 y 
(F,) ; a 5 : 
N,H, 2.30 1.31 8004 7257 364.0 7 
(H, ) Hydrogen 71.70 O45 6902 8380 411.1 
(CH, ) Methane 4.32 1.02 7000 6652 343.8 7 & 
N,H,CH, 2.50 1.25 7612 6825 346.2 : 
B,H, 4.45 1.20 8584 7135 3608 
RP-1 2.62 1.21 6839 6153 318.0 A 
Oxygen (B, H,) Diborane 3.73 1.00 7764 7209 365.1 
Bitlouride 
OF, N,H, 1.54 1.27 6689 6736 339.0 
Aerozine-50’ 2.15 1.25 7093. «6795s 341.8 
H, 6.04 0.39 5880 8188 401.1 
CH, 5.10 1.07 7334 6917 = 347.3 
N,H,CH, 2.32 1.24 7202. 6819 «= 342.8 
B.H, 3.88 1.18 8357 6969 354.4 
RP-1 3.82 1.28 7766 6838 340.7 


* Based on Theoretical Performance of Rocket Propellant Combinations, Rocketdyne, a Division 


of North American Aviation, Inc. 
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TABLE 9-1 (Continued) 























Oxidizer Fuel r 2 ms 1g os 1,,° t 
Hydrazine BH, 116 = 0.63. 4080) «6788 =: 338.6 
(N, H,) 

BH, 128 0.80 4661 6503 3282 
Hydrogen N,H, 2.00 1.26 4814 5765 287.4 
Peroxide 
(100%) N,H,CH, 3.44 1.26 4928 5665 284.8 
(H,O,) 
BH, 242 1.04 5000 5990 307.6 
IRFNA® Hydine'° 3.17 1.26 5198 5367 2703 
CH,N,H, 257 «1.24 = $192, $479: 275.8 
Nitrogen N,H, 1.30 1.22, 5406) 5871 = 292.2 
Tetroxide 
(N, O,) Aerozine-50’ 2.00 1.21 5610 5740 289.2 
N,H,CH, 2.15 1.20 5653 5730 288.7 
B.H, 3.40 1.12 6866 5862 299.0 
Liquid N,H, 0.91 107 5667 6208 3128 
Oxygen (LOX) 
(O,) H, 4.00 0.28 4910 7982 291.2 
CH, 3.35 0.82 6002 6080 3108 
B,H, 2.21 0.91 7136 6194 318.1 
RP-1 2.60 1.02 6164 5895 300.0 





pao 


r= mixture ratio= m,, my 


w 


Py = mean density of propeilant system, g/cc 


: T, = chamber temperature, °F 
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TABLE ° * (Continued) 

s c* = characteristic velocity, ft/sec 
° isn = theoretical maximum specific impulse, sec 
t Toobtain In for values of nozzle inlet pressure P, other than P, = 1000 psia: 

if P= 300 400 500 600 700 800 900 4000, multiply values 

in Table 9-1 

by 0.88 0.91 0.93 0.95 0.97 0.98 0.99 1.00 


MMH: Monomethy] Hydrazine - N, H,CH, 


7 Aerozine-50: 50% Hydrazine + 50% UDMH® 


10 Hydine: UDMH® (60%), DETA”* (40%) 


‘1 DETA: Diethylene Triamine - C,H, ,N, 


conditions, its density, the safety and ease of 
handling, the combustion characteristics, the 
flame temperature, the compatibility with mate- 
trials of construction, the physical and 
mechanical properties, etc. The propulsion 
system giving the highest specific impulse is not 
necessarily the best when all of the technological 
application factors are considered. The most 
appropniate system is that which satisfies the 
propulsion requirements with the lowest overall 
cost and also gives an engine having the required 
reliability. Hence, in judging the merits of 
different systems for a given mission it is the 
cost of placing a unit weight of payload in the 
desired location that is the main cniterion, 
assuming equal reliabilities. In military appli- 
cations the “instant readiness’’ of the propulsion 
system may be an overriding criterion, and there 
is no assurance that ‘‘instant readiness” will not 
become in the future an important criterion for 
certain space missions. 


UDMH: Unsymmetrical Dimethylhydrazine - (CH,), N, H, 


IRFNA: Inhibited Red Fuming Nitric Acid: HNO,-84.4%; N, O, -14%; H, O-1%; HF-0.6% 


In a multistage space vehicle, such as an 
ICBM, the propulsion engine for each stage must 
impart a specified “burnout” velocity increment 
to the stages it propels. The “‘burnout”’ velocity 
increment depends on the specific impulse of 
the engine and the mass ratio (see par. 5-9.2), 
ie., the ratio of the mass of the vehicle at 
“lift-off” to its mass after the propulsion engine 
has consumed its propellants. 


In a multistage vehicle each stage is designed 
to furnish a specified burnout velocity incre- 
ment and, because of the small aercdynamic 
resistance encountered by the upper stages, 
calculations show that it is desirable that the 
upper stages contnbute larger speed increments 
than the lower stages. Hence, the propeliants 
with larger values of specific impulse, if they can 
be used, should be bumed in the later stages; it 
should be noted that each succeeding stage 
forms a part of the payload for the stage 


9-7 


~ » Ber Sah past “g. na : 7 oe cues 8 “+ ¢ 
barges, MAS RR RAE rh NYRR 








ee Se Ry, 
a & 


at Ww 
a ae tage 
- + giew eh ee ld Ae 
~ ” . ~ eo a ce 
: aed F ye Sy 
" 6 
oo 








\ 
4 


owe — soe 


PRU ATi), OY Ie: ey BPO MELE ee EAE ep" Wad < ap Nt 


reems 


att 1 Ps 


AMCP 706-285 


preceding it. The importance of the specific 
impulse of the propellants depends primaniy 
upon the incremental speed required from a 
giver. stage; the larger the required increment of 
speed, the more important is a high specific 
impulse. For a space vehicle the most important 
parameters are the payload and the speed of the 
final stage after all of the propellants have been 
consumed. 


For the foreseeable f*iture ai spacecraft will 
be multistage vehicles, requiring large thrust 
chemical rocket engines fcr the first or booster 
stage. Until the nuclear heat-transfer rocket 
engine becomes operational, the upper stages 
will use high-energy propellants such as 
LOX-Liquid H,..As payloads increase—and as 
our knowledge of space increases, the desired 
missions will become more ambitious—it is rea- 
sonable to expect that the booster thrust re- 
quirements will coritinue to increase. 


9-3 LIQUID MONOPROPELLANTS 


A liquid monopropellant is a liquid chemical 
which requires no auxiliary liquid (oxidizer) to 
cause it to decompose and release its 
thermochemical energy. Liquid monopropellants 
«nay be groupe into three classes’ 7" : 


1. Class A. Materials which contain both 
the fue! and oxidizer in the same molecule. 
Some of the compourids in this group wh'ch 
have been considered as monopropellants are 
listed below. 


Compound — Chemical Formula 


Hydrogen Peroxide H, O, 


Ethylene Oxide C,H,O 
Nitrc methane CH,NO, 
‘Ethyl Nitrate C,H, NO, 
Methy! Nitrate CH,NO, 
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Nitroethane C,H,NO, 
Nitroethanol HOC, -H, XO, 
Diethylene Glycol (C, H, ONO, ),O 
Dinitrate (DEGN) 

Nitroglycerin C,H, (ONO, ), 
Picric Acid C,H, (NO, ),OH 


2. Class 8. Liquids which contain either the 
oxidizer or the fuel constituents in an unstable 
molecular arrangement. Their decomposition re- 
leases thermal energy. Compounds in Class B 
have positive enthalpies of formation. Typical 
compounds are listed below. 


Compound = Chemical Formula 
Hydrazine N,H, 
Acetylene C,H, 
Ethylene C,H, 
Nitnc Oxide NO 
Hydrogen Peroxide H,O, 


3. Class C. This class of compounds com- 
prises synthetic mixtures of liquid fuels and 
oxidizers. To this class belong such materials as 
Diver's solution, NH, (liq.) = NH,NO,, Myrol, 
CH, NO,-CH,OH, mixtures of hydrogen 
peroxide and metkanol, ammecnium nitrate mix- 
tures, etc. 


Since the beginning of World War II a large 
number of monopropellants have been investi- 
gated in the United States and other countries. 
Only the principal ones, those listed below, will 
be discussed. 


1. Hydrazine 
2. Concentrated hydrogen peroxide 


3. Ethylene oxide 
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4. Mixtures of nitroparaffins 


5. Mixtures of nitric acid, nitrobenzene and 
water, called dithekites 


6. Mixtures of methyl nitrate and meth- 
anol, called myrols 


In general, it appears that liquid mono- 
propellants combine a high energy content with 
a high shock sensitivity, and yield specific 
impulse values smaller than those obtainable 
from liquid bipropellant systems. Of the mono- 
propellants listed above only hydrazine (N,H,) 
and concentrated hydrogen peroxide have found 
applications as monopropellants—and also as the 
fuel and oxidizer component, respectively—in 
liquid bipropellant systems. 


The gaseous decomposition products of 
hydrazine and of hydrogen peroxide are used for 
the reaction controls for space ve:icles, such as 
Gemin: and Apollo, for vernier rocket motors 
for adjusting the cut-off velocity of an ICBM to 
the desired value, for man-maneuvering space 
units, and for the high temperature gas for 
driving the turbines of turbopumps, and of 
auxiliary power units (APU’s) for long-range 
ballistic missiles. 


9-3.1 HYDRAZINE (N, H,) 


Hydrazine is a toxic colorless liquid having 
the following rhysical properties: molecular 
weight 32.048, density 1.01 g/cc, freezing point 
35.1°F, normal boiling point 236.3°F, and heat 
of vaporization 540 B/lb,,. Its vapor pressure at 
100°F is approximately 7 psia, and its specific 
heat c, ranges from 0.76 B/Ib_,F at 80°F to 
0.853 at 400°F’""®. 


Hydrazine can be used either as a mono 
propellant or as the fuel in a liquid bipropellant 
system. It is readily soluble in water, alcohol, 
and certain organic liquids. The water solution, 
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hydrazine hydrate (N,H,H, 9), was used as the 
fuel with concentrated hydrogen peroxide as the 
oxidizer in the Walter rocket engine which 
propelled the German ME 163 airplane in World 
War II. It is hypergolic with hydrogen peroxide 
and also with nitric acid. The propellant system 
for the TITAN II missile is composed of a 50/50 
mixture o: hydrazine and unsymmetrical 
dimethylhydrazine as the fuel, and nitrogen 
tetroxide as the oxidizer. 


Hydrazine and its hydrates are toxic; inhala- 
tion of their vapors and prolonged contact of 
the skin to the liquid are harmful’ am 


Because it 1s thermally unstable, hydrazine 
can be caused to undergo an exothermic decom- 
position which apparently takes place in the 
following two steps: 


(a) 3N,H, =4NH, +N, + 144,300 B 
(b) 4NH,=2N,+6H, — 79,200 B 


Consequently, the specific impulse obtained 
from the thermal decomposition of hydrazine 
denends upon which reaction products are 
formed. Because reaction (b) is endothermic the 
decomposition according to reaction (a) pives 
the higher specific impulse. The decomposition 
of ammonia (NH,), reaction (b), is generally a 
slow process. Hence, if the reaction time is 
limited as is usually the case, only a small 
poriion of the ammonia formed by reaction (a) 
will become dissociated. Consequently, the de- 
composition of hydrazine gives a larger specific 
impulse if the characteristic length L*, which is 
a measure of the time available for decomposing 
the hydrazine, is short enough to prevent any 
substantial decomposition of the ammonia 
formed by reaction (a). 


Experiments have demonstrated that the 
decomposition reaction for hydrazine is influ- 


enced by temperature and the presence of 
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TABLE 9-2 
PHYSICAL PROPERTIES OF WATER SOLUTIONS OF HYDROGEN PEROXIDE 





Concentration in Percent by Weight 








Property 

70 80 90 100 
Freezing Point, °F —38.2 ~10.8 12.6 30.4 
Boiling Point, °F 254 269 288 312 
Specific Gravity 1.291 1.341 1.394 1.450 
(at 64.4°F) 
Viscosity, centipoise 1.287 1.297 1.301 1.307 
(at 64.4°F) 
Vapor Pressure, psia 0.023 0.016 0.012 0.007 
(at 100°F) 
Heat of Vaporization, 682 634 588 540 
B/Ib,,, 


aaa, 


catalysts. Accordingly, it is difficult to specify 
the exact stoichiometry in a given case. Hence, if 
x denotes the fraction of the ammonia which 1s 
decomposed, reactions (a) and (b) can be 
combined to give ca 


(c) 3N,H, = 4(1--x)NH, + (1 +2x)NH, 
+ 6xH, + (144,300—79,200x)B 


If the performance parameters for hydrazine 
are plotted as a function of the percent of 
ammonia dissociated, it is found that when x = 


QO, Ign = 192 secand when x = 100, Isp = .168 sec. 


Several materials, such as metallic iron, 
nickel, and cobalt supported on porous alumi- 
num oxide, catalyze the decomposition of 
hydrazine. A relatively new catalyst which 
causes a spontaneous decomposition of hydra- 
zine has made the latter an attractive mono- 
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propellant, particularly for reaction control 
systems. The gaseous decomposition products, 
using the new catalyst, are at a temperature of 
approximately 1800°F and yield a vacurm 
specific impulse of approximately 235 sec, tv. 
an are: ratio of 50°°. 


The principal disadvantage encountered in 
the application of hydrazine is its high freezing 
point of 35°F. Experiments have shown that the 
freezing point can be depressed by adding nitric 
acid (HNO,) and water to the hydrazine. Solu- 
tions containing more than 17 percent nitric 
acid by weight tend to become unstable and 
shock sensitive. 


9-3.2 HYDROGEN PEROXIDE (H, O, ) 


Hydrogen peroxide is used as a rocket 
propellant in concentrations ranging from 7C to 
98 percent. Table 9-2 presents the physical 
properties of hydrogen peroxide solutions as a 
function of H, 0, concentration. 
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Hydrogen peroxide can be readily decom- 
posed either thermally or with suitable catalysts 
according to the following equation: 


Hi, O, (liq) = H, O(gas) + ¥20,, (gas) + 23,000 B 


The heat of decomposition of 98% H, O.,, (at 
77°F and 1 atm) is 1215 B/lb,,, and the 
adiabatic decomposition temperature (at 1 atm) 
is 1735°F. The corresponding decomposition 
products are 53.1% H,O and 46.9% O, ; their 
specific heat ratio Y= Cp/ey= 1.251. When 100% 
H,O, is used as a monopropellant (at 
P.=300>P,=14.7) the gas temperature T, = 
1800°F and the theoretical specific impulse is 
146 sec. 


The kinetics of the catalytic decomposition 
of H,O, solutions has been investigated exten- 
sively in this and other countries. Concentrated 
calcium and sodium permanganate solutions are 
effective materials (catalysts) for decomposing 
hydrogen peroxide. Calcium permanganate, 
Ca(MnO, ),, is preferred because of its greater 
solubility in water. The decomposition equation, 
using Ca(MnO, ), , is 


H, O, + Ca(Mn0O, os = Ca(OH), + 2 MnO, + 20 ; 


Alundum pellets soaked in a strong solution 
of calcium permanganate for several hours, 
dried, and packed into a decomposition chamber 
present a large catalytic surface of Ca(MnO ), to 
the H,O, flowing through the decomposition 
chamber. Once the decomposition of the hydro- 
gem peroxide has been initiated, it proceeds 
smcothly. 


In the United States the most widely used 
catalyst is the solid samarium oxide coated silver 
screen. The coated silver screens are usually 
arranged as a tightly compressed pack in the 
decomposition chamber, thereby exposing a 
large surface to the hydrogen peroxide passing 
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over and around the screens. Silver ions pass into 
the solution of H,O, and react with the HO, 
decomposing it into H,O and O, with the 
liberation of heat, which increases the rate of 
decomposition and raises the temperature of the 
screens and the H,O,. The adiabatic decom- 
position temperature for the H, O, is attained in 
a few milliseconds, and, in thecry, the reaction 
rate would remain constant indefinitely, if re- 
quired, unless the catalyst is poisoned by foreign 
matter. In practice, however, there are several 
factors which limit the useful life of the catalyst 
pack! °. 


As a rocket propellant, hydrogen peroxide 
suffers from the following disadvantages: it is 
thermally sensitive, chemically unstable at high 
temperature, and has a relatively high freezing 
point. The problems of handling and storing 
solutions of H,0O,, however, have been 
thoruughly investigated. Experience has demon- 
strated that the pure material can be stored for 
reasonable periods in vented containers made 
from specially treated aluminum. The aluminum 
content of the container should be 99.7% and its 
copper content should not exceed 0.06%. Great 
care must be exercised to prevent impurities— 
such as iron oxide (rust), organic matter, dust, 
copper, etc.—from entering the container. 


It is found that oxygen gas is continuously 
evolved from concentrated hydrogen peroxide 
solutions, even at ambient temperatures, but at 
low temperatures the rate of gas evolution is low 
enough to be considered negligible. 


The relatively high freezing points of con- 
centrated hydrogen peroxide solutions (see 
Table 9-2) are disadvantageous for many appli- 
cations. Considerable researc has been ex- 
pended on investigating materials for depressing 
the freezing points of concentrated hydrogen 
peroxide solutions. The three which have been 
investigated most thoroughly are water, 
ammonium nitrate, and glycols. 


9-1] 


ame le ome rm mwa -2O—- 200 meer 0 8 Oe Fe rw ew gm 8 On re a 8 ee ae eee -O mes «os ~ Oo om so am es 


: Ves... 


ts ep nies S38 a-: A” Phy EY a a . 





































Se TOM Te ee ee ame, 4 Wee e! 
. 1 te = 
* 
vo 8 _ 2 acai aiid 


, 
\ 
( 
‘ 
| 
i 


crr rye 


AMCP 706-285 


Much effort has also been expended on 
investigating the ternary system hydrogen 
peroxide-ethylene glycol-water. To obtain a low 
freezing point with the latter mixture, the water 
content must be relatively large (more than 20 
vercent by weight). This reduces the oxygen 
content of the mixture and makes the latter 
unsuitable for application as the oxidizer in a 
biprorellant system. It does, however, have 
application as a monopropellant; the ethylene 
glycol increases its energy content. 


9-3.3 ETHYLENE OXIDE (C,H,0) 


Because of the safety with which it can be 
handled, ethylene oxide (C, H,0) has received 
extensive study during the past decade. This 
material decomposes into carbon monoxide 
(CO) and methane (CH, ). 


Because it has a low flash point it must be 
handled as carefully as gasoline. Although it is 
insensitive to shock it will ignite if in contact 
with catalytic surfaces. It can be stored in steel 
or stainless steei drums and is readily available 
commercially nei 


9-3.4 MIXTURES OF NITROPARAFFINS 


Nitromethane. a somewhat oily colorless 
liquid, has been investigated quite thoroughly as 
a monopropellant. It gives a reasonable spe- 
cific impulse 220 sec at P, = 300 psia and 
T,*4000°F). It is neither toxic nor corrosive. 
Because of its shock sensitivity and the problem 
of obtaining efficient combustion in a motor 
having a reasonable characteristic length, it has 
feund no application. 


Studies of mixtures of nitromethane with 
nitropropane to reduce shock sensitivity demon- 
strated that as the shock sensitivity of the 
mixture was reduced—by increasing the per- 
centage of nitropropane—the specific tmpulse 
obtained became tunacceptably low. 
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9-3.5 MIXTURES OF NITRIC ACID, NITRO- 
BENZENE AND WATER (DITHEKITES) 


These monopropeilaits were investigated 
during World War IJ. It was found that unless 
the mixture contained at least 20 percent water 
by weight it was too sensitive for use as a 
monopropellant. The specific impulses obtain- 
able with dithekites ranged from 190 to 208 sec. 


9-3.6 MIXTURES OF METHYL NITRATE 
AND METHANOL (MYROLS) 


The Germans investigated such mixtures 
during World War Ii, and concluded that they 
gave unacceptably low specific impulses 
(approximately 180 sec). Furthermore, they 
were too sensitive to shock. It is worth noting 
that methyl nitrate is almost as shock sensitive 
as nitroglycerin. 


9-4 OXIDIZERS FOR LIQUID PROPELLANT 
SYSTEMS 


The performance of a liquid bipropellant 
system depends upon the thermodynamic pro- 
perties of the oxidizer and of the fuel. Reference 
to Table 9-1 shows that the characteristics of the 
Oxidizer have a greater effect upon the specific 
impulse than do those of the fuel. Only a few 
liquid chemicals are suitable as practical oxi- 
dizers. Consequently, when selecting a bipro- 
pellant system for a given application, the usual 
procedure is first to select the oxidizer and then 
that fuel which when used with the oxidizer 
gives the most favorable bipropellant system 
from all points of view (see par. 9-2). 


The atoms that are useful as oxidizers in 
rocket propeilant systems are oxygen and 
fluorine since they give highly exothermic com- 
bustion reactions. Consequently, the suitable 
liquid oxidizers are either the elements oxygen 
and fluorine or compounds containing a large 
proportion of those elements . For a material to 
be a suitable oxidizer it should not have a large 
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! enthalpy of formation, otherwise, its enthalpy | of anhydrous liquid ammonia (NH, ) in stoichio- 

; of combustion will be relatively small?°, Alow metric proportions with fluorine and with 

enthalpy of formation indicates low bond ener- oxygen. The specific impulse obtained from the 

. gies between the atoms in the molecule. The ‘F,-NH, system is 313 sec and its average 

requirement of low bond energies suggests that density is 1.20 g/cc. For the O, NH, systern the 

the most suitable compounds are those con- corresponding values are 255 sec and 0.89 g/cc. 

- taining the nonmetallic elements (Groups V, VI, _—~*Fig. 9-1 is a bar-graph chart which compares the Ss 
and VII of the periodic table). The single performances of several fuels when bummed with " 
exception is hydrogen which occurs in many — either liquid fluorine or liquid oxygen,at 500 s 
oxygenated compounds. The large bond energy _psia combustion pressure ?*?*?*_ It is seen that . 3 
of hydrogen (103.4 kcal/mole) causes alossin the largest value of specific impulse is obtained * 
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combustion ene. gy, but the low atomic weight 
of hydrogen partially compensates for that loss. 
For those reasons the liquid oxidizers which are 
useful in rocket::’ are primarily compounds 


Only the more important oxidizers in the 
above two groups will be discussed. 


9-4.1 LIQUID FLUORINE (F,) 


A given fuel yields a larger enthalpy of 
reaction with liquid tluorine than with liquid 
oxygen because the hydrogen in the fuel forms 
HF which does not dissociate as much as the 
H,Of ormed with oxygen (see Fig. 6-1). Because 
fluorine is monovalent while oxygen is divalent, 
more fluorine than oxygen is required for 
burning a given fuel. Since the specific gravities 
of oxidizers are, 1n general, larger than those of 
fuels, the larger mixture ratios required with 
fluorine oxidizers result in the propellant system 
(fuel plus oxidizer) having a higher average 
density. To illustrate, consider the combustion 


ate Ce ome ow ee - om Owe mw me 


with the fluorine-hydroger ~-stem (373 sec at 
500 psia). The corresponding, . ame temperature 
is 7940°F and the molecular weight of the 
propulsive gas is 8.9. 


can be utilized advantageously. 


Fluorine reacts readily with most metals, 
organic matter, concrete, glass, and water. Con- 
sequently, water cannot be used to quench the 
reaction of fluorine with metals, organic matter, 
etc., once the reaction has started. Fluorine cen 
be stored, lowever, at temperatures below 
100°C, in clean’ dry containers made from 
copper, nickel, monel metal, and aluminum; a 


protective film of metal fluoride is formed that 


adheres tenaciously to the metal surface. 


Because of the difficulties in handling liquid 


fluorine and its low availability, it appears that 
for the next few years at least, liquid fluorine 


will be considered only for special applications. 


9-13 


rae cope ee ee et; 





. ’ ° 
s | 2 . 
i ' 
wey 
em CAG 
= 
- uy ‘ 
he "° 
_? 
ve . 
é 
ws 
~~ 4 


E containing the ele:nents fluorine, hydrogen, 
nitrogen, and oxygen. The prime oxidizers are, Although iiquid fluorine is the best oxidizer 
. <0 of course, fluorine and oxygen. Table 9-3 for obtaining high specific impulse and a large ; 
; as, presents the physical properties of the more average density, it has several disadvantages, the : 
j important oxidizers in the following groups: three principal ones being (1) its low boiling - 
point (—188°C), (2) its extreme chemical 
a. A. Oxidizers containing fluorine and no activity, and (3) its high toxicity. Compared to 
é “* Oxyeen. liquid oxygen it is much more expensive, less 
; available, and more hazardous to handle. The 
B. Oxidizers containing oxygen and no  jogical application for liquid fluorine is in the 
a fluorine. upper stages of long-range missiles where the 

"y superior performance obtainable with florine 
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TABLE 9-3 
PHYSICAL PROPERTIES OF SEVERAL LIQUID OXIDIZERS 





Oxidizer m : = i | 
wg : 3 
A. OXIDIZERS CONTAINING FLUORINE ; : 
| 4 Fluorine F, 37.95 i.50° -3.03° -217.96 -187.97 -129.2 55.0 
| 3 Nitrogen Trifluoride NF, 71.00 1.545 -34.8° -206.79 -129.01  -39.1 44.7 
: : | 
7 ; Chlorine Trifluoride CIF, 92.45 1.81" -44.3 -76.3 9 11.75 174. 57. 
4 
| ; Tetrafluoro Hydrazine NF, 104.01 1.5° = -5.2)-163. 73. 36. 77. 
| [Chlorine Pentafluoride CIF, 130.45 1.74! -60.'° -103. -13.6 119. 41..2 
re F , 
’ t Bromine Pentafluoride - BrF. 174.90 2.47 -109.6 -62.5 40.3 196.8 53.6 
i : | 
| B. OXIDIZERS CONTAINING OXYGEN 
: 
- Oxygen O, 32.0 1.14 = -3.08° -218.8 -i83.0 -118.9 49.7] 
-_ Ozone O, 48.0 146° +30.2° -142.5 -111.9 -12.1 54.6 
= | 
Dt Hydrogen Peroxide : | 
(90%) H,O,,, 33.38 1.39 -49.17  -11.5 141. 395. 214.7 
| | Hydrogen Peroxide 
: | (100%) H, 0, 34.02 1.44 -44.8 0.89 151.4 457. 214. 
Nitrogen Tetroxide  —~N,O, 92.01 1.43 -4.66'° -11.23 21.15 157.8 99.0 
a 
_ MON-25 
_ | N,O, 75% . 
ae : 24 8 910 ¢ 
_ NO 25% N,O,,, 81.13 1.37% = +6.68°"!° -54, 0-15. —_ — 
Tetranitromethane CN,O, 196.0 1.63 +103 141 126 Ex 
| plodes ; 
TNM eutectic 7 
: : CN,O, 64% 
| ~ «TN,O, 36% CN,,0,,, 3064 1.55 +47 -305 32.2 Ex 


) , plodes 
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Nitric Acid HNO, 63.01 1.50 -416 -420 860 255. 84.4 
RFNA-III 
HNO, 85.7% 
N,O, 147 
9 
| H,O 2.6 HN, 520,55 62-49 1.55 -41.6% -54. 60. me 
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TABLE 9-3 (Continued) 


Oxidizer Formula m 
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* Molecular weights, freezing points, and meeting points (where available) were taken from the 
Handbook of Chemistry and Physics, College Edition, 46th Edition, 1965-1966. ALI other data : 
were taken from Liquid Propellant Handbook, CPIA. . 

1m - molecular weight 

2 p - density at 25°C, g/cc 

? AHe - enthalpy of formation at 25°C, unless otherwise noted, kcal/mole 

¢ F.PT. - freezing or melting point, °C 

> B.PT. - bciling point, °C 

: Tor - critical temperature, °C 

i Po - Critical pressure, atm 

8 liquid at normal boiling point 


> heat of mixing included 


10 liquid at 25°C under own vapor pressure 
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CALCULATED VALUES OF SPECIFIC IMPULSE AT 500 psia 


Tsp 
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Figure 9-1. Comparison of Specific Impulses Obtained With Several Liquid 
Fuels Reacted With Liquid Fluorine and With Liquid Oxygen 


In general, the gases ejected from rocket 
motors burning oxidizers containing fluorine 
contain large quantities of HF. Experiments 
have demonstrated that there is insignificant 
contamination and corrosion of the firing site 
associated with burning fluorine in_ rocket 
engines of moderate size. Because HF has a low 
molecular weight it tends to dissipate rapidly in 
the air. 


9-4.2 LIQUID OXYGEN (LOX) 


Historically, LOX was one of the first 
oxidizers used in liquid propellant rocket 
systems. LOX is the oxidizer which was used in 
the REDSTONE and JUPITER missiles, and is 
currently used in such ballistic missiles as the 
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ATLAS, TITAN, and THOR. With the exception 
of ozone and the fluorine group of oxidizers, 
LOX gives the best performance, on a weight 
basis, of any oxidizer. Since LOX is prepared 
from liquid air by fractional distillation, it can 
be produced cheaply (about 3 cents per lb) at 
any desired site. Furthermore, because of its 
widespread industrial use, its manufacturing and 
handling technology is well developed. Recent 
years have brought the development of air 
transportable LOX generators. 


The principal disadvantages of LOX arise 
from its being liquefied gas, and the fire risk 
attendant to its use. Because of its volatility, its 
transport and storage introduce severe problems. 
If stored in bulk in insulated tanks, the loss due 
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to evaporation is of the order of 2 percent per 
day but, stored in vacuum jacketed tanks, the 
evaporation loss can be reduced to a fraction of 
a percent per day. It does not appear feasible at 
this time either to transport or store LOX in the 
oxidizer tanks of either launch vehicles for 
spacecraft or ballistic missiles, hence these tanks 
must be filled with LOX in the field or at the 
launching site. Consequently, LOX generators 
must be provided to replace the losses of LOX 
due to evaporation. 


Even though a relatively small quantity of 
LOX is actually consumed in firing a missile, its 
real cost is much greater than might be assumed 
from the factor that LOX is plentiful anc can be 
produced cheaply. The cost of storage tanks, 
LOX generators, evaporation losses, and the 
maintenance of an extensive crew to service 
launch vehicles or missiles using LOX must be 
included in the actual cost of LOX consumed. 
Thus, despite its plentiful supply, low cost of 
production, and broad background of industrial 
and military use, LOX is really unsuitable as the 
oxidizer for tactical missiles. In fact, when all 
the problems and costs concerned with handing, 
storaging, servicing, complexity, and cost of 
LOX missiles are considered, it appears probable 
that LOX may not even be the best choice of 
Oxidizer for some of the missiles in which it is 
cu.tently being used. 


5-4.3 OXIDIZERS CONTAINING FLUORINE 


9-4.3.1 GENERAL CONSIDERATIONS 


The compcunds of fluorine with the non- 
metallic elements nitrogen, chlorine, tromine, 
and iodine are of interest because the fluorine 
atoms are relatively loosely held in those com- 
pounds. The properties of several fluorine com- 
pounds are presented in Table 9-3 (see A. 
Oxidizers Containing Fluorine). 
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Of the compounds listed in Table 9-3, only 
CIF, and NF, contain a large enough per- 
centage by weight of fluorine to give good 
performance. Bromine pentafluoride (BrF,) 
may be of interest because of its high density, 


2.47 g/cc at 25°C. 


9-4.3.2 CHLORINE TRIFLUORIDE (CIF,) 


Although nitrogen trifluoride (NF ,) gives 
higher performance than chlorine trifluoride 
(C1IF3) it has not received as much attention as 
CIF, because NF, is a liquefied gas at ambient 
temperatures (see Table 93). Chlorine 
trifluoride has a large density (1.81 g/cc), alow 
freezing point (~76.3°C), and can be handled as a 
liquid at ambient conditions; its vapor pressure 
is less than 100 psia at 71°C. Reference to Table 
9-1 shows that if CIF, is reacted with hydrazine 
(N,H,) at 1000 psia, the specific impulse 
obtained — based on shifting equilibrium — is 
293.1 sec. 


Since CIF, is produced by the direct re- 
action between gaseous chlorine and gaseous 
fluorine its availability depends upon the 
potential supply of fluorine. 


The exhaust products of a rocket motor 
ouming CIF, contain both hydrogen fluoride 
(HF) and hydrogen chloride (HCl). The higher 
molecular weight of the latter can cause it to 
persist in the launching area expecially on a 
humid day. 


9-4.4 OXIDIZERS CONTAINING OXYGEN 


The principal oxidizers containing oxygen 
atoms and no fluomne atoms are liquid ozone 
(O,), hydrogen peroxide (H,O,), nitric acid 
(HNO,)}, and a muxture of nitric oxide (NO) 
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with nitrogen textroxide (N,O,) for brevity 
termed mixed oxides of nitrogen (MON). Table 
9-3 presents the physical properties of the 
principal oxidizers containing oxygen. 


9-4.4.1 LIQUID OZONE (LOZ) 


Liquid ozone, for brevity designated as LOZ, 
is a deep blue liquid. It boils at —112°C, its 
density is 1.46 g/cc at —183°C and it has a 
negative heat of formation (~30.2 kcal/mole at 
—112°C).Propellant systems based on LOZ give 
specific impulse values comparable to those 
based on liquid fluorine (see Table 9-1). LOZ is 
made by the silent discharge of electricity 
through oxygen gas 25.26 The O, molecule is 
thermally unstable and sensitive to shock. These 
factors combined with its large oxidizing 
potential make LOZ hazardous to handle. It 
decomposes with explosive violence according to 
the equation 


20 ao 30, + 34.5 kcal 


It is important to keep LOZ chemically 
pure. Hence, the oxygen used in making LOZ 
must be free of even traces of impurities. The 
sensitivity of LOZ can be reduced by making 
mixtures of LOZ in LOX. Thus a solution of 
LOX containing approximately 25 percent LOZ 
is quite stable to shock, and the mixture boils as 
a single phase at —112°C. Calculations show, 
however, that burning the 7SLOX-25LOZ mix- 
ture with gasoline increases the specific impulse 
above that when LOX alone is used by approxi- 
mately 6 sec. Since LOX is more volatile than 
LOZ (see Table 9-3), the 75-25 mixture tends on 
storage to increase the LOZ content due to the 
evapcration of LOX. When the LOZ concentra- 
tion exceeds approximately 30 _ percent, 
explosions of extreme violence can result from 
contamination with minute traces of organic 
matter?°®. 
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Since LOZ has not as yet been effectively 
stabilized, and because of the small increase in 
performance with the 7S5LOX-25LOZ mixture, 
LOZ cannot be considered to be a promising 
oxidizer at this time. 


9-4.4.2, HYDROGEN PEROXIDE (H, 0, ) 


For completeness, hydrogen peroxide is 
listed here as an oxidizer. The principal char- 
acteristics of concentrated solutions of H,0, 
were presented in par. 9-3.2 where its use as a 
monopropellant was discussed. Despite their 
relatively high freezing points, water solutions of 
H, O, containing 90 percent or more H,O, have 
been considered for certain applications. The 
high density, high boiling point, and good 
performance (see Table 9-1) obtainable with 
such solutions make them attractive as a replace- 
ment for liquid oxygen. In applications where a 
large value of density impulse is of importance, 
certain hydrogen peroxide propellant systems 
may be suitable. Furthermore, in a missile using 
hydrogen peroxide as the oxidizer, “‘mono- 
propellant runout” can be employed if the fuel 
is consumed but not all of the hydrogen 
peroxide. 


9-4.4.3 NITRIC ACID (HNO, ) 


The following fuming nitric acids have been 
considered as oxidizers: white fuming nitric acid 
(WFNA), red fuming nitric acid (RFNA), and 
mixed acid (MA). The principal disadvantages of 
nitric acids are the tendency to decompose 
thermally, and their high corrosivity. These 
disadvantages introduce storage problems. 


WFNA has been used in this country in 
several liquid propellant engines for rocket- 
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assisted take-off (RATO) and _in-flight-thrust- 
augmentation (IFTA). Its composition is 98 
percent HNO,, 2 percent H,O with traces of 
N, O,. 


Considerable effort has been expended on 
improving the stability of fuming nitric acid and 
decreasing its corrosivity. The thermal decom- 
position of HNO, may be expressed by the 
equilibrium equation anne 


2HNO, = 2NO, + H,O + 40, 


Studies of the above reaction indicate that 
its rate is slow at temperatures below 71°C but 
increases rapidly above that temperature. 
Because the oxygen gas formed is relatively 
insoluble in the acid, very high storage pressures 
can be encountered in containers having small 
ullages. Mozeover, since the NO, and H, O are 
more soluble in the acid than the oxygen, the 
composit a of the acid changes with the storage 
time wii,.n the range of the initial and equilib- 
rium concentrations of NO, and H,O. If the 
thermal decomposition is accompanied by cor- 
tosion of the container material, ‘then the 
composition of the acid changes contiauously in 
storage, which is undesirable”. 


Although a great deal of effort nas been 
expended, no inhibitor lias been discovered for 
reducing the rate of thermal decomposition to a 
negligible value. Co sequently, attention has 
been given to the use of additives for lowering 
the equilibrittm decomposition pressure seca 


It is apparent from the decomposition 
equation for nitric acid that the addition of NO, 
and H, O to the acid should decrease the arnount 
of O, formed, since they appear in the equation 
and. consequently, reduce the equilibrium 
storage pressure. A satisfactory red fuming nitric 
acid (RFNA) — containing on a weight basis 
approximately 83-84% HNO,, 14% NO,, anu 2 
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to 3% water—will reduce the oxygen pressure to 
less than 100 psia where filling voids are of the 
order of 10%. The latter storage pressure is 
satisfactory for many purposes. 


It has been found that the addition of small 
amounts of hydrofluoric acid (HF) to fuming 
nitric acid will reduce its corrosion attack on 
certain stainless steels and aluminum alloys??. 


A fuming nitric acid coniaining 84.4% 
HNO,, 14% N,O,, 1% H,O, and 0.6% HF is 
known as IRFNA, inhibited red fuming nitric 
acid. It. freezesat ~65°F, has a density of 1.56 
g/cc at 65°F, and can be stored for practically 
indefinite periods, at temperatures up to 
160°F, in either aluminum or stainless steel 
containers with no serious corrosion. Where the 
ullage volume is of the order of 10 percent of 
the storage container volume, the equilibrium 
Storage pressure does not exceed 100 psia. 
IRFNA was the oxidizer used in the 
CORPORAL missile and is currently used in the 
LANCE missile. 


IRFNA is the only oxidizer in current use 
that has aw freezing point (~65°F), a high 
density (1.5 g/cc) a reasonable vapor pressure 
at ambient temperature (7 psia at 120°F), anda 
low viscosity. Propellant systems based on 
IRFNA (see Table 9-1) do not give as high a 
specific impulse values as those based on either 
F, or LOX. IRFNA appears to be ideally suited, 
however, to those applications where the propel- 
lant system must be Storable and the lower 
specific impulse is acceptable; for example, for 
prepackaged storable tactical missiles for short 
and medium ranges such as BULLPUP, 
CONDOR, and LANCE’. 


9-4.4.4 MIXiDOXIDES OF NITROGEN 
(MON) 


Table 9-4 presents the physical properties of 
the seven known oxides of nitrogen: N,O, NO, 
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N,0,, NO,, NO, N, O, and NO, . It is evident 
from the data listed in Table 9-4 that N,O,, 
N, OQ, , and NO, are too unstable under ordinary 
conditions to be satisfactory liquid propellants. 
Of the remaining oxide¥ only nitric oxide (NC) 
and nitrogen tetroxide (N,O,} have been 
applied as oxidizers in liquid bipropellant 
systems. NO and N,C, appear together in a 
mixture termed mixed oxides of nitrogen 
(MON) (See Table 9-3). 


The principal advantage of nitrogen tetrox- 
ide ‘s that at low concentrations of water (less 
than 0.1 percent by weight) it can be stored 
practically indefinitely in either mild steel or 
aluminum containers. Its two principal dis- 
advantages are its high melting point (11.2°C) 
and its extreme toxicity. 


A number of freezing point depressants have 
been investigated and the most promising one Is 
nitric oxide (NO). Because of the high volatility 
of the NO, the vapor pressure of solutions of NO 
in N,O, becomes quite high at a storage 
temperature of 160°F. Thus a solution con- 
taining 16.85 percent NO by weight has a 
freezing point of approximately —29°F, and a 
vayor pressure of approximately 240 psia. Refer- 
ence 35 presents data on the freezing point and 
vapor pressure of solutions of NO in N, O,-i-e., 
MON solutions—as a function of the NO con- 
centration. 


As noted above, MON is extremely toxic. 
The maximum tolerable concentrations are quite 
small, SOO parts per million being rapidly fatal 
and exposure for 30 to 60 minutes to a 
concentration of 100 parts per million being 
dangerous. Since missiles using MON or N, O, as 
the oxidizer couid be filled at the factory, 
thereby eliminating the need for handling it in 
the field, its toxicity should not rule it out asa 
pessibie oxidizer. Where space is limited, how- 
ever, as on board a ship or submarine the 
dangers from accidental damage to a storage 
tank may be sufficiently great to prohubit ifs 
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use. Recent expenence with N,O, has been 
favorable from the standpoints of handling and 
hazard to personnel. It is the oxidizer used in 
the TITAN IT missile. 


9-4.5 OXIDIZERS CONTAINING FLUORINE 
AND OXYGEN 


Fuels containing hydrogen, carbon, and 
certain metals, such as boron, yield the maxi- 
mum values of specific impulse when they are 
burned with an oxidizer containing both 
fluorine and oxygen. The combustion products 
obtained by burning such fuels with either 
oxygen or fluorine are tabulated below. 


Combustion Products 


Element With Oxygen With Fluorine 


Hydrogen (H) H,O HF 
Carbon (C) CO, CO, CF gCF,,CF,,CF 
Boron (B) B,O, BF, 


The molecular weights of H,O and HF are 
comparable, 18.016 and 20.008, respectively, 
but HF is much more stable thermally than 
H, O. Hence, if the predominant constituent of a 
fuel is hydrogen, then it will give a larger specific 
impulse with fluorine than with oxygen. 


The molecular weights of CO and CO, , on 
the other hand, are smaller than those of the 
fluorocarbon species. Hence, if a fuel has a large 
carbon content, it gives its largest specific 
impulse with oxygen as the oxidizer. 
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TABLE 9-4 
PHYSICAL PROPERTIES OF OXIDES OF NITROGEN ; 
Oxide Formula mi p° F.PT? BPT4 AH? 5 ewe ap. | ‘ 
Nitrous Oxide N,O 44.01 1.226°° -90.8  -885 19.49° Stable 
Nitric Oxide NO 30.01 1.269°°* -163.6 -151.8 21.6° — Stable 
Nitrogen Trioxide NO, 76.01 1.447? 102 3.5 20.0° Unstable 
Nitrogen Dioxide NO, 46.01 1.45”° “11.2 21,2 809° Stable 
Nitrogen Tetroxide N,O, 92.01 1.45% “11.2 21.2 -2.31° Stable in ; 
equilibrium | 
with NO, 
Nitrogen Pentoxide N,O, 108.01 1.63°° -32.4* 47 0.70° Low stability : 
Nitrogen Peroxide NO, 62.00 -— -142** = —— 13.0° Very unstable | 
' ™m - molecular weight 
a) - density at °C temperature indicated, 2/cc 
> FE PT, - freezing or melting point, °C 
*BPT. — - boiling point, °C 
‘ AHe - enthalpy of formation at 25°C, kcal/mole (Values of AHF are taken from 
Reference 38) 
° = pas 
* - N,0O, sublimes and decomposes rapidly. 
** - Solid NO, trapped at —185°C began decomposing rapidly at —143°C 
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The carbcn fluorides—CF,,CF,, CF,, Cr — 
are seldwm found in the propulsive gas ejected 
from the exhaust nozzle of a rocket motor 
burming fluorine and a _ carbonaceous fuel. 
Instead, one finds that the gas contains free 
carbon. 


It appears, therefore, that in the case of fuels 
containing the elements H and C, the maximum 
values of bgp are obtained with oxidizers con- 
taining both fluorine and oxygen; the hydrogen 
reacting with the fluorine and the carbon with 
ine oxygen. A similar situation occurs in the 
case of fuels containing boron. Calculations 
show that the maximum specific impulse is 
obtained with an oxidizer containing oxygen 
and fluorine. 


Table 9-5 presents the physical properties of 
some oxidizers which are compounds containing 
fluorine and oxygen. A few of these oxidizers 
are discussed below. 


9-4.5.1 OXYGEN BIFLUORIDE (OF, ) 


Oxygen bifluoride (OF,), also called 
fluorine monoxide, and the 70% F, + 30% O, 
mixture give reasonably high values of specific 
impulse with noncarbonaceous fuels, and also 
with fuels containing boron. OF, has a higher 
boiling point than the aforementioned mixture 
and is easier to handle. Moreover, there is the 
advantage that the proportions of a fluorine- 
oxygen mixture can be adjusted to the carbon- 
hydrogen ratio of a carbonaceous fuel. Since 
OF, is made from fluorine and the process gives 
a low yield of OF,, it is more expensive than 
either fluorine or fluorine-oxygen mixiures. 


9.4.5.2 PERCHLORYLFLUORIDE (C10,F) 


This oxidizer is a relatively recent develop- 
ment. Its basic advantages are that it is com- 
patible with most materials of construction, and 
its density is relatively high (1.41 g/cc at 25°C). 
Its principal disadvantages are the HC! and HF 
in the exhaust products, its low availability, and 
high cost. 


re 


From an overall standpoint C10, F does not 
appear to offer any substantial advantages over 
oxidizers such as H,©,, IRFNA, and MON. 
Morecver, its high vapor pressure is a dis 
advantage in using it in prepackaged missiles, 
and also in turbopump pressurizing systems 
without refrigerating the C10, F. 


9-§ FUELS FOR LIQUID BIPROPELLANT 
SYSTEMS 


The factors to be considered in selecting a 
liquid chemical compound which will be a 
satisfactory rocket fuel have been discussed in 
par. 9-1. From a performance viewpoint they 
must have high enthalpies of combustion and 
yield gas products having a low value of molec- 
ular weight m. As pointed out earlier, while the 
number of practical oxidizers is limited, there 
are many fuels suitable for rocket propellant 
systems and the physical properties of several of 
them are presented in Table 9-6. For convenience 
the fuels are grouped into the following classes: 


1. Cryogenic fuels rich in hydrogen 

2. Borohydride fuels 

3. Organic fuels containing C, H, and O 

4. Organic fuels containing C, H, and N 

5. Hydrocarbon fuels 

6. Nitrogen hydrides and their derivatives 


Some of the more important fuels will be 
discussed below. 


9-5.1 CRYOGENIC FUELS RICH IN HYDRO- 
GEN 


Liquid hydrogen gives the largest values of 
I... of all fuels, and with all liquid oxidizers (see 
Table 9-1}. Because of its low boiling point 
(—259°C), its handling and storage is a difficult 
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TABLE 9-5 
PHYSICAL PROPERTIES OF SEVERAL OXIDIZERS CONTAINING 

2g FLUORINE AND OXYGEN* 

aad Name Formula m' p? AH > FPT.4 B.P8.5 ne Pe 
Oxygen Bifluoride OF, 54.0 153° -8.4° -224.0 -144.8 -57.96 48.9 
Nitrosy! Trifluoride ONF, 87.0 155° -41.5  -160. -87.5 29.5 63.8 
Nitryl Fluoride O, NF 65.0 150° -22.5° -166. -72.4 76.3 96. 
Perchlory! Fluoride ClIO,F 1025 1.41" -9.2" -146. 46.8 95.2 53. 


* Based on Liquid Propellant Handbook, CPIA. 


1 om - molecular weight 

2 / - density at 25°C, g/cc 

: AHy - enthalpy of formation at 25°C, unless otherwise noted, kcal/mole 
4 F. PT. - freezing or melting point, °C 

5 B.PT.  - boiling point, °C 

: Ts - critical temperature, °C 

- Ee - critical pressure, atm 


8 liquid at normal boiling point 


° liquid at 25°C under its own vapor pressure 
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problem; and its small specific gravity (0.07 g/cc 
at —259°C) isa disadvantage. It must be handled 
with care G2cause hydrogen gas forms explosive 
mixtures with air. Th2 experience with liquid 
hydrogen indicates that it can be handled in 
much the same manner as Jiquid oxygen. It 
appears thuit liquid hydrogen will be used in 
those special applications as for example, the 
upper stage engines for space propulsion, for 
which a high specific impulse is of prime 
importance. 


Light metals appear to be attractive as fuels 
for rocket :notors because, when they combine 
with oxygen to form oxides, they have large 
enthalpies of combustion. Since the gaseous 
combustion products must have a low molecular 
weight, only such light metal elements as 
lithium, beryllium, boron, and aluminum are of 
interest. In all cases the combustion temper- 
atures are very high and when allowance is made 
for the evaporation and dissociation of the 
oxides, it is found that they give major gains in 
specific impulse. Figs. 9-1 and 9-2 are bar graphs 
comparing the enthalpies of combustion of 
several fuels. 


A disadvantage accompanying the use of 
light metals as rocket fuels is that their oxides 
appear in the exhaust and make it smoky. 
Moreover, beryllium is extremely toxic, and 
lithium is quite scarce. 


9-5.2 THE BOROHYDRIDES 


Table 9-6 presents some of the physical 
properties of the borohydrides, Calculations 
show that after hydrogen the next highest 
performance fuels are the boron compounds 
containing hydrogen. In this country much 


research has been devoted to diborane (B, H,) 


and pentaborane (B,H, ). 


The borohydride fuels when reacted with 
F,O, F,, O,, and H, 0, offer theoretical 
maximum specific impulses, based on mobile 
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equilibrium, of approximately 3G0 sec'?. The 
borohydride fuels, however, have certain 
undesirable properties. Thus, diborane (B,H,) 
boils at —92.5°C and is unstable. It decomposes 
slowly to form large quantities of hydrogen. 
Pentaborane (B,H,) has more favorable prop- 
erties than diborane. It melts at —46.8°C and 
its rate of decomposition at room temperature is 
comparatively slow. Decaborane is a solid at 
room temperature. 


Neither pure diborane nor pure pentaborane 
appear to ignite spontaneously when in contact 
with air. Apparently they decompose to form 
self-igniting boron hydrides, and the mixture 
increases in inflammability. None of the 
borohydrides decompose explosively, and they 
decompose stowly even when heated. Violent 
decomposition can occur when they are in 
contact with other metals. 


Considerable effort was expended, until 
approximately a decade ago, on the develop- 
ment of boron compounds for use as additives 
to conventional hydrocarbon fuels (JP fuels) for 
use in rocket engines and air-breathing engines 
When reacted with oxygen these fuels yield 60 
percent more heat of combustion than does a 
conventional jet engine fuel. Uniortunately, the 
solid boron oxides which deposit in the flow 
passages of the engines—such as nozzles and 
turbine blade passages—preciude the use of such 
fuels in rocket and gas-turbine type air-breathing 
engines (see Chapter 12). Moreover, the solid 
particles in the propulsive gas decrease the 
efficiency of the nozzle expansion process, due 
primarily to their effect upon the averagé 
properties of the propulsive gas, and the 


- velocity lag of the solid particles with reference 


to the gas (see Chapter 4, Reference 39). 
9-53 ORGANIC FUELS 
All liquid fuels containing carbon and hydro- 


gen are termed organic fuels, and several have 
been investigated for use in hquid rocket 
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a 
ENTHALPY OF COMBUSTION ,B/Ib ,, 
10 20 3O 40 50 x10" 
HYDROGEN RAAB AS SAS ANSAS WIASSASAASSSASSSESE | 
BERYLLIUM HYDRIDE RNSSSSSSSSSSISSSSSSESS 
DIBORANE WHAT CRABABT RABAT & 
PENTABORANE - SASASSSESSASSSSSSSSSSSSS 
TETRA BORANE SSS SESS 
DECABORANE | SSS) | 
LITHIUM HYDRIDE SSSSSESSSSSS 
JP=- 4 RASA AS 
ETHYL ALCOHOL 
FUR FURAL 
HYDRAZINE 
SOURCE:OLIN MATHIESON CHEMICAL CORP. 
Figure 9-2. Enthalpy of Combustion of Several Fuels With Liquid Oxygen 


9-25 


us 


a eye Se Nba eScrah Dit he dade eee o a DOE 


ranean msi tia eta te eam | at ne serene | ieee 





! 
i 
a 


et et eat iene eg se as) ee an alas Mme, 


e 
Par ee 
















* 
| 

, AMCP 706-285 ) , 

: TABLE 9-6 : 
a PHYSICAL PROPERTIES OF LIQUID FUELS* 
, i Name Formula m’ p’ AHP? F.PT.4 BPT.S Ty5 Poy” vr 
|: 1. CRYOGENIC FUELS RICH IN HYDROGEN ; 

; Liquid Hydrogen(LH) H, 2.016 0.070° -2.50® -259.2 -252.8 -240.2 12.8 | 

| Liquid Methane (LM) CH, 16.043 0.424° -21.6% -182.5 -161.5 -82.1 45.8 

2. BOROHYDRIDE FUELS 

Diborane B, H, 27.67 0.433° +2.71° -165.5 -92.5 16.7 39.5 

¢ 

Pentaborane B.H, 63.13 0.618 +7.8 -46.8 58.4 Pyrolizes 

i Decaborane BL H,, $122.3 0.94 99.5 213 

: 3. ORGANIC FUELS CONTAINING (C, H, and O) 

‘ . 

Furfuryl! Alcohol C,H,O, 98.10 1.129 -68.0 -31.0 1693 — — 

Methanol CH,O =: 32.04-0.787_-57.0 97.8 64.9 240. 78.5 

I Fihanol CH,O 46.07 0.785 -66.4 -117.3 78.5 243. 63.0 

i 

f Denatured Alcohol (3A); ©;¢,0H,,, 40-74 0.814 -66.14"° 

‘i | : (Other properties close to these of ethancl) 

: Ethanol’ 88.2 

: Methanol 4.7 

t Water 7 

Isopropanol C,H,O 60.1 0.780 -74.3 -89.5 82.4 235.6 53 

c 

: 4. ORGANIC FUELS CONTAINING (C, H, and N) 

; TEA! CH,.N 101.2 0.729 -39.9  -114.7. 89.4 259. 30. 

DETA™ C,H,,N, 103.2 0.955 -19.4 35. 207.10 — — os 

' Commercial DETA contauis approximately ° 

: 9% N. amino ethyi piperazine 

; - & 

t Acetonitrile CH,N 41.05 0.783 +139  -45.7 80.0 474.7 > 

P 
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TABLE 9-6 (Continued) 





Aniline C H,N 93.13 i.021 +7.34 6.2 184.3 425.6 52.3 


NEA *” CH,,N 121.18 0.962 -1.28 = -63.5. 204.7 
Commercial NEA contains approximately 
10% N, N, diethylaniline 
26% aniline 
5. HYDROCARBON FUELS 
N-octane C,H,, 114.2 0.703 -59.7 -§6.5 125.7 296.7 24.61 


196, 13-98 0.807 -5.76 -48. 219. 406. 23.1 


RP-1 is a mixture of naphthenes, paraffins and olefins in the C,, 
region. All values in table are approximate. 


Diethy! Cyclohexane CioH,, 140.3 0.805 -73.5° <79. 207.1 366. 25. 


6. NITROGEN HYDRIDES AND THEIR DERIVATIVES 


| Ammonia NH, 17.03 0.682° -17.14° -77.7. -33.4 132.3. 111.3 
0.603 -16.05° 

Hydrazine N,H, 32.05 1.004 +12.0 1.4 113.5 380. 145. 

MMH?* CH,N, 46.07 0.874 412.7 -52.4 87. 312. 81.3 

UDMH** C,H,N, 60.1 0.786 +12.74 -57.2 63. 250. 53.5 


* Based on Liguid Propellant Handbook, CPIA. 


1 om - molecular weight 

2p - density at 25°C, unless otherwise noted, g/cc 

3 AHF - enthalpy of formation at 25°C, unless otherwise noted, kcal/mole 
4 F.PT.  - freezing or melting point, °C 
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TABLE 9-6 (Continued) 


1 


Name Formula’ m pe QHe> EPT BL 2 P.? 





: 5 B.PT.  - boiling point, °C ~* 





‘ ie - critical temperature, °C 
q Ps - critical pressure, atm 


- liquid at normal boiling point 

- liquid at 25°C under its own vapor pressure 
- - heat of mixing included 

11 TEA - Triethylamine, C,H, (NH) 

‘2 DETA  - Diethylene triamine,C,H,,N, 

13° NEA - Normal Ethylaniline, C,H, N 

114 MMH - Monomethyl! Hydrazine, N,H,CH, 


45) UDMH- - Unsymmetrical Dimethyl Hydrazine, (CH,),N,H, 


v row tye pore La | 
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bipropellant systems. The discussions here will 
be limited to those organic fuels that are of 
either current or recent interest: 


I. Ethyl! alcohol 


2. Light hydrocarbons (JP fuels) 


3. Unsymmetrical dimethylhydrazine 


(UDMH) 
4. Diethylenetriamine (DETA) 
9-5.3.1 ETHYL ALCOHOL (C, H , OH) 


Ethyl and methyl alcohols are the only 
lower alcohols which have been investigated and 
used as fuels in rocket engines. They are slightly 
inferior to the hydrocarbons in performance. 
Ethyl alcohol was used in the German V-2 
missile and has been used in the REDSTONE 
missile. 


Ethyl alcohol (C,H,QH), also called 
ethanol, melts at —117°C and boils at 78.5°C. It 
is plentiful and inexpensive and is a good 
regenerative coolant. Its main disadvantage is its 
low specific gravity (0.79 at 20°C). It is com- 
patible with most normal construction materials, 
is nontoxic, and noncorrosive. Hot ethanol 1s 
said to etch aluminum. With LOX the maximum 
obtainable specific impulse is approximately 240 
sec (based on frozen composition) and its 
combustion is smooth. Ethanol is nonhypergolic 
with most oxidizers. 


9-5.3.2 LIGHT HYDROCARBON FUELS 


Table 9-6 presents the physical properties of 
some hydrocarbon fuels. The common light 
hydrocarbon fuels are mixtures of aromatics, 
olefins, paraffins, and naphthenes that are 
termed jet engine fuels, and are designated by 
“JP” with a numerical suffix. In general, they 
have a carbon-hydrogen ratio of approximately 


AMCP 706-285 


6 and a lower heating value of approximately 
18,500 B/lb. Table 9-7 presents some of the 
characteristics of several such fuels. JP fucks are 
used in air-breathing engines. 


The JP fuels are plentiful and inexpensive, 
have good handling characteristics, are com- 
patible with most of the common materials of 
construction, are nontoxic, have good storage 
properties, and give reasonable high values of 
specific impulse either with oxygen or mixtures 
of oxygen and fluorine. 


The disadvantages of JP fuels as rocket fuels 
are their low density and thew tendency to 
pyrolize or crack and deposit solids when used 
as regenerative coolants. They also tend to 
deposit solids in the nozzles of the gas turbine 
for driving propellant pumps when burned with 
LOX in fuel-rich reactions to produce gases for 
driving the gas turbine. 


With nitric acid and MON, the JP fuels give 
rather low values of and the combustion is 
apt to be rough. It is found advantageous to 
employ additives to the JP fuel when it. is used 
with either {RFNA or MON to improve the 
combustion charactenstics. 


In applying JP fuels to long-range 
rocket-propelled missiles, problems arise due to 
the variations in the density and composition of 
the fuel. These changes materially affect the 
performance of the engine and also complicate 
the accurate fueling of the missiles. 


The JP fuels are nonhy pergolic with most 
liquid Oxidizers. 


9-5.3.3 UNSYMMETRICAL DIMETHYL- 
HYDRAZINE (UDMH) 


This fuel is currently being produced in 
relatively large quantities under the trade name 
“Dimazine.’’ UDMH possesses excellent physical 
properties and is compatible with common 
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construction materials. It burns smoothly with 
most oxidizers and gives relatively high perform- 
ance (see Table 9-1). Its density is rather low 
being 0.786 g/cc at 25°C. 


UDMH is thermochemically unstable and has 
the potentialities of deing used as a monopro- 
pellant, but this requires more investigation. It is 
hypergolic with fuming nitric acids at very low 
temperatures and gives extremely short ignition 
delays, approximately 2 milliseconds at —75°F. It 
appears to be the most suitable fuel for use with 
IRFNA because of its excellent combustion 
characteristics with that oxidizer. 


9.5.4.4 AEROZINE - 50 (N, H, + UDMH-S0/50) 


Aerozine-S0 is a 50/50 mixture of hydrazine 
and UDMHI. it has the following physical pro- 
perties: 


9-30 


m = 41.797, F.Pt. = 18°F, B.Pt. = 170°F, 
AH? = 11.789 kcal/mole, p = 0.9 g/cc at 70°F, 


AH, = 425.8 B/Ib,,, c, = 0.69 B/lb,, °F 


Pp 


Aerozine-50 is hyvergolic with nitrogen 
tetroxide, and is used in the TITAN II ICBM. 


9-5.3.§ DIETHYLENETRIAMINE (DETA) 


There are sev“ral organic amines which may 
be useful as rocket fuels. Some of them give 
reasonably high values of specific impulse and 
have good physical vroperties. All of them are 
toxic to some degree. Since they are reasonably 
stable at high temperatures, they may be good 
regenerative coolants. 


DETA, {NH, (CH, ),],NH, has a relatively 
high density, 0.95 g/cc at 25°C, (see Table 9-6), 
is available in large quantities at fairly low cost, 


: AMCP 706-285 
TABLE 9-7 
PHYSICAL PROPERTIES OF I SIGHT HYDROCARBON FUELS j 
_ 4 
a o- i 
oa Freeze Flash > * 
Hy omocar bon . aaa rate Point Point, General Description | 
ange, “6; °F, max °F, min 
JP-1 400-570 50-60 -76 110 Low freeze kerosene 
JP-3 150-500 50-60 -16 NR’ High vapor pressure JP-4 
! JP-4 200-550 45-57 -16 NR' —_ Wide-cut gasoline 
JP-5 350-550 36-48 -40 140 High flash kerosene 
IP-6 250-550 37-50 -65 NR’ Thermally stable kerosene 
RJ-1 400-600 32.5-36.5 “-40 190 Thermally stable, heavy . 
kerosene < 
RP- 1 380-525 42-45 -40 110 Pure, light cut kerosene 
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has a moderately low freezing point (—38°F), and 
gives a larger Ign with LOX than the JP fuels 
give. It also gives better general performance 
with fuming nitric acid (FNA), being hypergolic 
with very short ignition delays. It can be 
substituted for the JP fuels in missiles designed 
originally for JP fuels, without introducing any 
major problems. Because of the greater density 
of DETA the performance of the missile is 
improved. DETA is compatible with common 
construction materials and has good storage, 
handling, and heat transfer characteristics. 


9-5.4 NITROGEN HYDRIDES 
Two stable nitrogen hydrides are of interest 
as rocket fuels: ammonia (NH,) and hydrazine 


(N, H,). 


9-5.4.1 ANHYDROUS AMMONIA (NH,) 


Ammonia (NH, } is available commercially in: 


large quantities, is cheap, and can be stored in 
steel containers. [t is moderately toxic but its 
presence 1s easily detected. NH, gives reasonably 
high values of specific impulse with most 
oxidizers and is nonhypergolic with most of 
them. 


Ammonia has a low specific gravity (0.61 at 
70°F) and a high vapor pressure (493 psia at 
160°F). When used as a liquefied gas, the vapor 
pressure problem is eliminated by applying 
refrigeration. Its low density detracts from its 
usefulness as a rocket fuel, but it appears to be 
of interest when used with fluorine as the 
oxidizer. Information is lacking, however, on the 
capabilities of ammonia as a regenerative coolant 
under the high heat flux conditions occurring 
when it is burned with fluorine. 


Ammonia gives smooth combustion with 
IRFNA and RFNA. The starting and stopping of 
the rocket engine is also smooth. Although it is 
nonhypergolic with FNA, ignition can be made 
hypergolic by causing liquid NH, to flow over a 
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small amount of iithium before entering the 
combustion chamber. 


9-5.4.2 HYDRAZINE (N,H,) 


The physical characteristics of hydrazine 
(N,H,) as well as its storage and handling 
characteristics are discussed in paragraph 9-3.1, 
where its use as a monopropellant was described. 
Reference to Table 9-1 shows that when used as 
a fuel in a bipropellant system, it gives high 
values of specific impulse with every oxidizer. 
Its main disadvantage is its high freezing point 
(35°F), and the lack of adequate information as 
to its characteristics as a regenerative coolant. In 
a missile application it offers the advantage of 
monopropellant runout, i.e., complete utili- 
zation of propellant. 


Hydrazine is hypergolic and gives small 


- ignition deiays with all of the common oxidizers 


except LOX. It appears to be the best fuel for 
use with liquid fluorine, CIF, H,O,, and MON. 
It is worth noting that the high freezing point of 
NH, (35°F) is of the same order of magnitude 
as the freezing points of N,O, (12°F) and 
HO, (30°F). 


9-5.4.3 MIXTURES OF HYDRAZINE AND 
AMMONIA 


There is interest in N,H,-NH, mixtures 
because they have certain properties which are 
superior to those of the individual con- 
stituents'*. It has been pointed out that NH, is 
cheap, plentiful, stable under storage conditions, 
has a low freezing point (—78°C), gives rea- 
sonable values of specific impulse, but has a low 
density and a high vapor pressure. Hydrazine, on 
the other hand, is relatively expensive and has a 
high freezing point (35°F), but its density is 
high and it gives larger values of specific impulse 
than does NH,. By adding NH, to N,H, a 
mixture can be made that has a reasonably low 
freezing point, good performance, and a reason- 
able density. For example, a mixture of 38 
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percent by weight NH, in N,H, freezes at 
—30°F, while the 50 percent NH,-SO percent 
NH, mixture freezes ai —40°F. As the NH, 
content is increased the vapor pressure increascs, 
especially at high temperatures. For 36 percent 
NH, in N_H,, the vapor pressure at 158°F is 
18.5 atm. The nuxture 37 percent NH,, 59 
percent N,H,, and 4 percent water gives an 
experimental value of specific impulse of 
approximately 280 sec when bummed with liquid 
fluorine at 300 psia combustion pressure. 


9-6 GELS, SLURRIES, AND EMULSIONS 
(HETEROGENEOUS PROPELLANTS)* 


marly in the history of rocketry (1909) 
consideration was given to the idea of increasing 
the performance <f » liquid bipropellant system 
by adding a finely divided active light metal to 
the liquid fuel’” The object was to take 
advantage of the large enthalpy of combustic:: 
of the metal to increase the specific impulse of 
the resulting fueil,—hereafter termed a hetero- 
geneous propellant—and simultaneously increase 
density impulse (see par. 6-3.7.2). It was soon 
found that the problem of developing a stable 
uniform dispersion of a high energy solid 
material in a liquid fuel was a difficult one. 
Consequently, for many years the concept of a 
heterogeneous propellant remained in the con- 
ceptual stage. 


Approximately a decade ago, the idea of 
gelling liquid propellants received earnest con- 
sideration, due primarily to the interest in 
prepackaged missiles equipped with liquid pro- 
pellant rocket engines. It was argued that a 
gelled propellant having the consistency of a 
stiff jelly would greatly reduce, and might even 
eliminate, the fire hazard presented by a leak ir. 
a propellant tank of a prepackaged missile. 


*Paragraph 9-6 is based on private communications from 
Dr. John D. Clark, LRPL, MUCOM, Picatinny Arsenal, and 
Dr. Paul Winternitz, New York University. 
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9-6.1 THIXOTROPIC GELS 


Because a gelled propellant must — in 
addition to behaving as a solid under storage and 
handling conditions—be capable of flowing like 
a liquid when its tank is pressurized for feeding 
it into a rocket motor, the development of 
thixotropic gels was undertaken, A thixotropic 
gel is a material which behaves like a solid when 
it is subjccted to a shear stress smaller than a 
specified valuc, hereafter termed the yielding 
Stress but flows like a liquid when it is subjected 
to a shearing stress exceeding the yielding stress. 
Furthermore, the gel reverts to the semi-solid 
state when the shear stress falls below the 
yielding stress. For most gelled propellants tie 
yielding stress is in the range of 300 to 2,000 
dynes/cm? (1 dyne/cm? = 14.5 x 10° psia = 
10°° atm). Its proper value, however, depends 
upon the application. 


Thixotropic gels have been prepared for 
several liquid fuels and liquid oxidizers. As to be 
expected, the formation of gels from liquid 
oxidizers entails problems not encountered with 
liquid fuels because organic gelling agents cannot 
be used with oxidizers. In any case, however, the 
gelling agent must be compatible with the liquid 
propellant. For a gel to be satisfactory for 
military use it must be stable—i.e., the solids 
do not separate out—under high g-loadings, 
mechanical shock, and mechanical vibration. In 
addition, it must be thermally stable under 
temperature cycling conditions over the required 
operating and storage range (usually —60°F to 
+160°F). 


Thixotropic gels, as such, are considered 
primarily as a means for improving safety and 
handling, and for preventing or reducing sloshing 
in propellant tanks. The research and develop- 
ment effort in that connection has been and is 
considerably smaller than that devoted to the 
development of gelled heterogeneous fuels. A 
typical gelled heterogeneous fuel consists of the 
liquid fuel, approximately 50%, ty weight, of a 
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powdered solid—such as aluminum, boron, etc.— 
plus less than 5% of a gelling agent. 


9-6.2 THIXOTRCPIC SLURRIES 


If the solid material is sufficiently finely 
divided, a gelling agent may not be needed to 
keep it in suspension. The resulting mixture is 
called a slurry and has the appearance of a 
jelly-like mud. Heterogeneous fuels in the form 
of thixotropic Slurries are desirable because they 
contain no gelling agents. Thixotropic slurries 
must, of course, satisfy all of the requirements 
discussed under thixotropic gels. 


Several thixotropic slurries have been made 
of aluminum, boron, and other high energy 
solids in both amine-type and hydrocarbon 
fuels. Such slurries are expected to raise the 
specific impulse of current storable liquid bipro- 
pellant systems and simultaneously increase 
their density impulse. For volume-limited pro- 
pulsion systems, the larger density impulse 
yields a larger burmout velocity for the missile 
(see par. 5-9.2). 


The compatibility of the solid constituent of 
a thixotropic slurry with its liquid carner 
appcars to be a more serious problem than it is 
for a gel. For example, it is only recenily that 
the continuous gassing of Aduiizine,aslurry of 
30-45 percent of aluminum in hydrazine, has 
been eliminated. Alumizine is the best known 
and furthest developed heterogeneous propel- 
lant. Its application is limited, however, because 
it freezes at 1.5°C. Moreover, many promising 
heterogeneous fuels, such as a slurry of boron in 
amine-type fuels, show slow chemical reactions 
at ambient or somewhat higher temperatures. 
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Severa! slurry-type fuels are being studied, 
but none has progressed as far as Alumizine. At 
this time the only heterogeneous fuel which 
appears ready for enginecring applications is a 
slurry of boron in a hydrocarbon; it can be used 
in ramjet engines. 


9-6.3 EMULSIONS 


Emulsions are being studied because they 
offer the possibility of allowing higher loadings 
of solids in the liquid fuel than do gels or 
slurries. It has been difficult, however, to 
develop emulsions having the desired thixotropic 
properties. 


9-6.4 SUMMARY 


Heterogeneous propellants offer perform- 
ance advantages, in certain applications, Over 
neat liquid propellant. The difficulties en- 
countered in developing a satisfactory hetero- 
geneous propellant have been, and = are, 
formidable. Many common fuels, such as the 
hydrazines, are sensitive to catalytic decom- 
position and a finely divided metal dispersed in 
the hydrazine aggravates its catalysis. Moreover, 
it is difficult to attain complete combustion of 
the powdered metal, and solid or liquid particles 
may be formed in the propulsive gas with the 
result that the anticipated increase in specific 
impulse is not realized. Nevertheless, thixotropic 
Slurry-type propellants offer the only tangible 
approach at this time toward substantially 
advancing the technology of chemical propel- 
‘ants for both rocket and air-breathing engines. 
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CHAPTER 10 


10-0 PRINCIPAL NOTATION FOR CHAP- ™s _ massrate of fuel flow 
TER 10* 


m mass rate of oxidizer flow 


= LIQUID PROPELLANT ROCKET ENGINES P 
x 
4 stagnation acoustic speed =,/yRT,, j 


he eeoeoeeeviaalvaren m), mass rate of propellant flow = my + m, 


Mach aumber 
area of entrance cross-section of 
exhaust nozzle p Static pressure, psia 
A, area of exit cross-section of exhaust P 


static pressure, psf c 
nozzie 


a: 


Stagnation or total pressure 
A, area of throat cross-section of exhaust 2 Bn Pp 


nozzle Ap 


‘oe Seow 


static pressure drop 


A* critical area where M = 1 for an 


heat flux, B/sq in.-sec 
isentropic flow /sq 


a sti. #2 Q volumetric rate of flow 
C effective jet velocity 


a Re oP ee SU] ode ta) 


Och volumetric rate of flow of gas in the 


Cy discharge coefficient Oma bustonveHaniber 


&. gravitational conversion factor 
32.174 slug-ft/lb-sec? 


Sr Oo CR ETRE BITTE SPIE POITIERS EB OE IS IT Eee Ding “SS PR 
© 
= P 
rg 
é 
ae ae es wet ei, A i | watt in i SO) ee AS ECPM 0 eines OM EO ie ore en nema are hermat amnion ei Wes ethane be nent eed, 


r mixture ratio= m, my 


t time 


Oe SS yt 9 8 mee Oe Fue” 


hy gas film conductance coefficient 





ae . stay or residence time 
hy _liquid film conductance coefficient 


ap Ogerm & eg | mete 


— static temperature, °R 
I, specific impulse = Fg./m 


oom. 2 ed eh, cet, Oneida s oe eerie — aie bie. be af ii GR... ee & Be er  ~ e 


| 1 _ see T, static temperature at entrance section 
| characteristic length = V.4,/A¢ ef exhaust nozzle. °R 

| m mass 

: } TS stagnation temperature, °R 

| m _ mass rate of flow, slug/sec V 

: volume 

: ; *A ny consistent set of units may be emplhyed: the units presented V Pr 

here are for the American Engineers System (see par. 1-7). ch volume of combustion chamber 
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SUBSCRIPTS 


amb ambient 
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Cc entrance section of exhaust nozzle 
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ch combustion chamber 


e exit section of exhaust nozzle 


ns aoe Ls aa SA RR a 


& Bas 


—<—Peg:- 


i injection 
p propellant 


GREEK LETTERS 


Y specific heat ratio = C,/cy 


? (y+ 1I)/12y-1)] 
r VY ++1 
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4 increment or finite change 


€ area ratio = A/A, 


. oo =m @e eee) we! ee ee 


r p density 
Pch density of the gas flowing in the 
: combustion chamber 
! velocity coefficient 


! : eo 
10-1 INTRODUCTION 


: As indicated in par. 1-6.1, liquid propellant 
| ' rocket engines may be classified into two broad 
: groups: (1) liquid bipropellant rocket engines, 
i : and (2) liquid monopropellant rocket engines. 
| | Aithough the latter type of engine has a sim- 
plicity advantage over the former, because a 
! single propellant is involved, it appears doubtful, 
! at least, that a liquid moncpropellant will either 
| be developed or discovered that will give 2 
| specific impulse equal to that obtainabie from 
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current liquid bipropellant systems. Conse- 
quently, the use of liquid monopropellants will 
be restricted to such applications as reaction 
control devices, the generation of gus for pres- 
surizing liquid propellants, and for driving the 
turbines for auxiliary power units (APU’s) and 
turbopumps. In view of the foreguing the 
discussions which follow will be concerned, in 
the main, with liquid bipropellant rocket en- 
gines. 


10-2 ESSENTIAL COMPONENTS OF A LIQ 
UID BIPROPELLANT ROCKET ENGINE 


A liquid bipropellant rocket engine (see Fig. 
1-5) comprises four principal subassemblies: 


1. One or more thrust chambers or rocket 
motors, into which the liquid propellants 


are injected, atomized, mixed, and 
bumed to produce large quantities of 
propulsive gas; the latter 1s then ex- 
panded in a suitable exha'st nozzle 
thereby developing a propulsive force 
(thrust). 


2. Tanks for storing the liquid fuel and 
liquid oxidizer, hereafter termed the 
propellant tanks. 


3. A pressurizing system for removing the 
liquid propellants from their storage 
tanks, and raising their pressure so they 
can flow through an injector, into the 
thrust chamber, against the combustion 
pressure; the injector meters the liquid 
flow rates. 


4. A control system for controlling the 
Operation of the engine so that it per- 
forms in the desired manner and also 
incorporates means for protecting the 
engine against damage in the event of a 
malfunction. 
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In general, the requirements imposed upon a 
liquid rocket engine stem. from its application. 


In severa] military applications the performance ’ 


of the engine should be independent of the 
engine and its liquid propellant temperatures 
over the range -60° to +160°F. Because the 
physical properties of practically all chemicals 
vary with their temperature, the number of 
liquid chemicals that can satisfy the above 
temperature requirements is quite limited. As a 
consequence, one finds that a large portion of 
the engineering effort in developing a new liquid 
rocket engine is devoted to making the engine 
operate satisfactorily and reliably over a wide 
range of temperatures. One of the costly and 
time-consuming phases of liquid rocket engine 
development is that concerned with obtaining 
reliable operation at very low temperatures 
(below —20°F). In view of the foregoing, the 
specifications for the required range of operating 
temperatures should not be made any wider 
than is warranted from a realistic appraisal of 
the conditions under which the rocket-propelled 
vehicle is to be used. Furthermore, wherever it is 
practicable, means should be provided for pro- 
tecting the engine and its propellants against 
cold weather (for example, by employing heat- 
ing blankets). 


103 THE THRUST CHAMBER 


Figs. 10-1(A) and 10-1(B) illustrate schemat- 
ically the essential elements of an uncooled and 
a regeneratively cooled thrust chamber, respec- 
tively, fora liquid bipropellant rocket engine. In 
Fig. 10-1(B), the fuel is circulated around the 
walls of the combustion chamber and nozzle 
that are wetted by the hot flowing propulsive 
gas; this method of cooling the walls is known 
as regenerative cooling. The following principal 
elements are involved! -?: 


(1) The injector for introducing the pro 
pellants into the combustion chamber, 
and for metering their rates of flow (see 
par. 10-3.1). 
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(2) The combustion chamber, wherein 
occurs the chemical reaction between 
the propellants. Its dimensions must 
provide adequate stay time for the com- 
bustion reaction to produce a propulsive 
gas having a substantially equilibrium 
composition when it reaches the en- 
trance cross-section A, of the exhaust 
nozzle (see Fig. 10-1). 


(3) The converging-diverging (De Laval) ex- 
haust nozzle for expanding and ejecting 
the propulsive gas as 2 supersonic gas 
eous jet. 


In addition to the three principal elements 
listed above, there are such pertinent auxiliary 
devices as various valves and pressure regulators. 
If the propellants are diergolic, they do not react 
on contact with each other; hence, some form of 
ignition system must be provided. This may be 
an electrically heated glow plug, a spark plug, a 
small quantity of liquid fuel which is hypergolic 
with the oxidizer leading the main fuel, or a 
pyrotechnic igniter which will burn for one or 
two seconds. 


10-3.1 THE INJECTOR 


The injector is ordinarily located in the 
fore-end of the thrust chamber, as illustrated ia 
Fig. 10-1. [ts function is to introduce the liquid 
propellants into the combustion chamber 
through several injection orifices or nozzles, 
atomize them to promote their vaporization, 
and meter and mix the propellants so that they 
will burn smoothly and efficiently. 


Ifim, and my denote the mass flow rates of 


oxidizer and fuel, respectively, the mixture ratio 
r is accordingly 


r= m,/m¢ (10-1) 
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| Figure 10-1. Essential Elements of a Liquid Bipropellant Thrust Chamber 
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In general, the mass flow rate of a liquid 
propellant through an injector nozzle, is given 
by 


m= AjVjp = CgAyp o/ 24Pi/p (10-2) 
The injection velocity V; is given by 
Vi= o/ 24P./p (10-3) 


where 
p = density of the injected liquid 


A; = exit cross-sectional area of an injec- 
tor nozzle or orifice 


AP. = pressure drop across an _ injector 
nozzle or orifice 


@ = velocity coefficient 
Let 
NG = the total exit area of the oxidizer 
nozzles 


Ay = the total exit area of the fuel 
nozzles 


SP, = the pressure drop across A, 


AP, = the pressure drop across A¢ 


(Cg), = the discharge coefficient for A, 


(Cade the discharge coefficient for Ag 


Hence, the mixture ratio r is given by 





(Ca). A p. AP 
(Arena Joe (10-4) 
(Cad Ag pe APs 


The injection nozzles are essentially short 
tutes with either well-rounded or chamfered 
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inlets, and their discharge coefficients are func- 
tions of their Reynolds numbers. Consequently, 
the injector should be designed so that the 
injector nozzles operate in a range where their 
discharge coefficients are not affected appre- 
ciably over the anticipated range of variations in 
Reynolds number. For well-rounded inlets to 
the nozzles the discharge coefficient Cy, assum- 
ing turbulent flow, will have a value between 
0.95 and 0.99. For chamfered inlets a value of 
Cqg=0.80 to 0.84 may he assumed. 
Sharp-comered inlets to short tubular passages 
should be avoided because they are apt to 
introduce jet contraction phenomena and flow 
instabilities; for sharp-edged inlets, with steady 
flow, Cq will range from 0.6 to 0.75. 

Fig. 10-2 illustrates schematically nine dif- 
ferent types of injectors’. In some injector 
designs an effort is nade to assist the processes 
of atomizing and mixing the liquid oxidizer and 
liquid fuel streams by causing them to impinge 
upon each other. 

No rational principles have as yet been 
formulated for relating injector design para- 
meters to the combustion performance. Con- 
sequently, there are no rational principle for 
‘scaling’ injectors from one size to another, and 
the development of an injector for a new and 
larger thrust chamber is a costly,  time- 
consuming empirical process. The success of the 
development depends upon experience com- 
bined with trial and error model experiments. It 
is not unreasonable to state that the main 
problems concerned with scaling liquid 
bipropellant rocket engines are primarily in- 
jector development problems. 


10-3.2 THE COMBUSTION CHAMBER 


Refer to Fig. 10-1]. The combustion chamber 
of a liquid b.oropellant thrust chamber is de- 
fined as the volume located between the down- 


stream face of the injector and the entrance 
cross-section A, of the exhaust nozzle. It is in 


the combustion chamber that the liquid pro- 
pellants are bummed at a substantially high 
pressure, ordinarily chamber pressure P. has a 
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(1) UNLIKE IMPINGING. (2) LIKE-ON-LIKE IMPINGING. (3) NONIMPINGING 
(SHOWERHEAD), (4) SPLASH PLATE. (5) MIX PLATE (ENZIAN).(6) CON- 
VERGING-DIVERGING CONES. (7) INTERSECTING CONES AND JETS(V-2 

ROSETTE) WITH QIN CENTER. (8) PREMIX, (9) COAXIAL. 


Figure 10-2. Nine Different Injector Patterns for Liquid Bipropellant Thrust Chambers 


value cf 300 to 1200 psia. In more advanced 
designs P,, may exceed 3000 psia. 


The combustion chamber is utilized for 
compieting such processes as the injection of the 
liquid bipropellants in the form of several liquid 
streams, the pulverization and atomization of 
those liquid streams, the mixing of the atomized 
liquids, the vaporization of the liquid droplets, 
the mixing of the vaporized fuel and oxidizer, 
the thermal decomposition of the oxidizer to 
release its oxygen when required, the ignition of 
the fuel-oxidizer mixture, and combustion of 
that mixture. To obtain the maximum specific 
impulse obtainable from a given propellant 
system, ifs chemical reaction should be com- 
pleted when the gasecus products of combustion 


10-6 


ee ee 


reach the entrance section of the exhaust nozzle. 
In the interest of keeping the weight of the 
thrust chamber as low as possible, the com- 
bustion volume should be the minimum that is 
consistent with no appreciable decrease in the 
characteristic velocity c* (see par. 6-3.6) obtain- 
able from the equilibrium combustion of the 


pr- .2llants at the prevailing chamber pressure P. 
ana nuxture ratio r. 


10-3.2.1 CHARACTERISTIC LENGTH FOR A 


LIQUID PROPELLANT THRUST 
CHAMBER (L*) 


Let V., denote the combustion chamber 
volume for providing the required residence or 
Stay time t, for completing the physical and 
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combustion processes discussed above. It is 
difficult, if not impossible, to measure t, dir- 
ectly. In general, the more reactive either the 
propellant system or the conditions prevailing 
during combustion, the smaller the magnitude of 


t.. 


A measurable criterion which is closely 
related to t, can be derived by assuming the 
following: (1) the propellants are completely 
mixed as they enter the combustor, (2) the 
entire combustor is filled with flowing gaseous 
products at a constant static temperature T, and 
density p,,, and (3) the gas flow is isentropic. In 
view of the aforementioned assumptions, the 
stay time t, is given by 


V V 
h_ Pch ‘ch 
Qch my 


where m, is the mass rate of propellant con- 
sumption and Quy is the volumetric rate of gas 
flow for the combustion chamber. 


It is customary to express the size of the 
combustion chamber in terms of a characteristic 
length, denoted by L*, which is defined by 


V V 
pe= ch. ch (10-6) 
A, A* 


since for the assumed isentropic flow A, = A* 
(see Chapter 3). 


From Eq. A-134 it follows, since M=1 in A*, 
that 





e P 7 
=p O 2 \rth/Riy-| 
= VY (3) (10-7) 
A +] 
AS /RT, Y 
It can be shown that 
a, SVIRT, = Cgce*l (10-8) 
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where c* is the characteristic velocity (see par. 
6-3.6), and 


¥+1 








2 \ 27-1) 
= Eine 10-9 
A (2,) sil 
Hence 
. _L* | (10-10) 
ts Cgc*P 


=—_ 


In Eq. 10-10, the parametet r is a function 
only of ia 1.e., the propellants and their mixture 
ratio r= m, /my. Similarly, c* depends upon the 
propellant system and its mixture ratio r. It 
follows, therefore, that the stay time is primarily 
a function of the specitic propellant system, its 

mixture ratio, and the Chatitesietts length L* = 


Vch/At. 
From Eq. 10-10, it follows directly that 


Lt =t.Cc*P (10-31) 


If V4, is expressed in cu in. and A; is in sq 
in., then L* is expressed in inches. 


It is desirable, in a thrust chamber design, 
that L* be as small as possible consistent with 
the maximum c* obtainable from the propellant 
system under the design operating conditions. 
The minimum usable value of L* is determined 
experimentally; hereafter the symbol L* will 
refer to the minimum usable value. 


Experiments indicate that although the mix- 
ture ratio r =m,/ mp has a measurable effect on 
c*, its influence upon L* is much smaller. 
Furthermore, the L* for a specific propellant 
system burned at a given combustion pressure 
and mixture ratio r is substantially independent 
of the size of the thrust chamber. Consequently, 
the L* data for a given propellant system are 
obtained from experiments with small scale 
thrust chambers. 
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As indicated earlier, the L* for a specific 
propellant system will, of course, be related to its 
chemical’ reactivity faster-reacting liquid pro- 
pellants have the smallest values for L*. Some 


typical values are listed below: 
Propellant System L*, in. 
Diesel fuel and gaseous oxygen 80 
Alcohol-water mixtures with LOX 80-120 
WENA - hydrocarbon fuels 60 
RFNA - hydrocarbon fuels 40-60 


For a cylindrical combustion chamber it is 
custcmary to include the volume of the con- 
verging portion of the exhaust nozzle in calcu- 
lating V4, in L*= Von/At- 


The minimum value for L® is desirable not 
only from the viewpoint of small weight, but 
from heat transfer considerations (see par. | Q-4). 
The total amount of heat transferred from the 
hot propulsive gas to the walls of the com- 
bustion chamber decreases with a decrease in the 
surface area exposed to the hot gas. On the 
other hand, decreasing the volume of the com- 
bustion chamber increases the gas velocity past 
its walls, whick tends to increase the heat flux 
B/L?T to those walls. For a given thrust 
chamber configuration, size, and propellant 
system there will be a volume for which the 
product of the exposed surface area and heat 
flux is a minimum. 


10-3.2.2 GAS-SIDE PRESSURE DROP IN A 
LIQUID PROPELLANT THRUST 
CHAMBER 


It is desirable that the pressure drop for the 
gas flowing through the combustion chamber be 
small because any reduction in the static pres- 
sure of the gas at the entrance cross-section A, 
of the exhaust nozzle (see Fig. 10-1) reduces the 
exhaust velocity of the propulsive g*° and, 
hence, the thrust. 
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The pressure drop in a combustor is due 
primarily to the addition of heat to the gaseous 
products of the chemical reaction (combustion) 
and increases with the Mach number of the 
flowing gas. Because of the complicated fluid 
dynamic and combustion phenomena occurring 
in the combustion chamber of a liquid rocket 
thrust chamber, it is well-nigh impossible to 
make an accurate analysis of the pressure drop 
caused by the aforementioned heat addition 
process. An approximate estimate, can be made, 
however, by assuming the process is a steady 
frictionless one-dimensional flow of an ideal gas 
with heat addition (see par. A-9). From Eq. 
A-220 


7 
Y-! ay 
Po 1 +-yM? 1+ (7) me 
po —| 
PP olt+yM3 1+ (St) mi 


From Eq. A-216, the static pressure ratio 
P,/P,, is given by 


(10-12) 





P 1 + M2 
ah (10-13) 
1 1+ M2 





At the downstream face of the injector, it 
may be assumed that M ,~ 0. Hence, one obtains 
the following equations for the stagnation pres- 
sure ratio P>?/PP and the static pressure ratio 
P,/P,: 


Y 
po 7-1 
oe oe p6(54 | (:0-14) 
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and 

P 

ed (10-15) 
P, 1+ M3 


Assume now that the flow through the 
exhaust nozzle is an ideal nozzle flow (see par. 
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4-3), then from Eq. 423, letting A, = A, = 
entrance cross-section of exhaust nozzle, and 


M, = M, = Mach number in Aj one obtains 


y+ 
2y-1) 

A 1 )2 y~1 

—& = — ¢~ 31 +{——)} M? 
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Eq. 10-16 can be employed for estimating 
the Mach number M, from the contraction ratio 
for the exhaust nozzle A,/A* = A,/Ag¢, and the 
specific heat ratio y for the propulsive gas. 


If M, is known, the static pressure drop 
(P, — P,) can be estimated from Eq. 10-15 and 
the stagnation pressure drop(P) — P°) from 
Eq. 10-14. Typical values for the contraction 
ratio for liquid bipropellant rocket nozzles are 
between i.5 and 2.0; the corresponding values 
of M, range from approximately 0.4 ‘o 0.3. 


10-3.3 THE EXHAUST NOZZLE 


As in all jet propulsion engines (see par. 1-4) 
the exhaust nozzle is the propulsive element of 
the liquid propellant rocket thrust chamber. The 
nozzle throat area A, and its configuration 
determine the combustion chamber pressure P,, 
the propellant flow rate m,, the effective jet 
velocity c, and the thrust F. f e gas dynamics of 
exhaust nozzles, their general design con- 
siderations, and the different nozzle con- 
figurations are discussed in Chapter 4 and will 
not be considered here. 


It is essential that the nozzle be cooled 
adequately. Expenments indicate that overall 
heat flux for the nozzle is approximately 3 to 4 
times the overall heat flux for the combustion 
chamber®'® The mest critical region from the 
viewpoint of heat transfer is the region im- 
mediately upstream of the throat. The local heat 


transfer for that region can be 3 to 6 times the 


overall heat flux for the nozzle, and increases 
with the chamber pressure. 
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10-4 HEAT TRANSFER IN LIQUID PRO- 
PELLANT THRUST CHAMBERS 


Reference to Table 9-1 indicates that the 
temperatures attained by the propulsive gas 
flowing in a liquid propellant thrust chamber are 
too high for measurement with conventional 
measuring instruments. For most propellant 
systems the gas temperature exceeds the melting 
temperatures of the stainless steels, Inconel, the 
titanium alloys, and some refractories. It should 
be noted that such high melting point materials 
as tantalum, tungsten, and carbon cannot be 
used at high temperatures in the presence of 
oxidizing substances. The propulsive gas temper- 
ature IT, depends primarily upon the specific 
propellant system and the mixture ratio r = 
m,,/my, as indicated in Table 9-1. To a minor 
degree, however, T, is also influenced by the 
chamber pressure P,. 


In general, heat is transferred from the hot 
flowing propulsive gas to the walls of the thrust 
chamber that it wets, by forced convection, 
Tadiation, and conduction. It is estimated that 
the total amount of heat transferred to the 
thrust chamber wall amounts to 0.5% to 
possibly 5% of the heat released by the heat of 
reaction of the propellants; for example, the 
overall heat transfer for the V2 thrust chamber 
amounted to 0.7% of the heat of combustion for 
its propellants’'”. It is difficult to determine by 
measurement the exact contributions of each of 
the aforementioned three modes of heat transfer 
to the total amount of transferred heat. Studies 
indicate, however, that the amount of heat 
transferred by conduction is so small that it may 
be assumed that all of the heat is transferred by 
the other two modes; forced convection and 
radiation’:*:?. Furthermore, the transfer of 
heat by radiation is of significance only in the 
combustion chamber (see Fig. 10-1), and is 
responsible for approximately 5 to 30 percent of 
the total amount of transferred heat for temper- 
atures ranging from approximately 4000° to 
7500°R (Ref. 2). 
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Fig. 104 illustrates schematically the aver- 
age heat flux distribution along the wall of a 
thrust chamber of cylindrical cross-section. 
There is a slow increase in the heat flux to the 
combustion chamber wall, due to the progress of 
the combustion process, as one proceeds from 
the injector face to the nozzle. The maximum 
heat flux occurs in the vicinity of the nozzle 
throat, due primarily to intense heat transfer by 
forced convection, where the local heat flux can 
exceed 25 B/sq in.-sec depending upon the 
combustion pressure and the mixture ratio. 
Beyond the throat the heat flux decreases 
rapidly due to the expansion of the propulsive 
gas and the boundary layer build-up. The heat 
flux attains its minimum value in the vicinity of 
the exit section of the nozzle’’’. The mixture 
ratio r for a propellant system that produces the 
largest values of heat flux is that value of r 
which gives the highest flame temperature. 
Increasing the combustion pressure increases the 
heat flux due to increasing the density of the 
propulsive gas and the conductance of the 
boundary layer’. 


The design of the cooling system for a liquid 
propellant thrust chamber involves two distinct 
steps: (1) the determination of the heat flux 
transferred to the walls by the hot propulsive 
gas, and (2) the analysis of the several pertinent 
cooling systems” ; 


The heat flux to the walls depends upon the 
velocity of the propulsive gas, its velocity 
distribution, the gas composition and its distri- 
bution, and the temperature distribution in the 
flowing gas. Because the flow process in the 
thrust chamber is quite complicated, it is not 
possible to predict the heat fluxes to the wall 
with precision. At best it may be possible to 
calculate what may be assumed to be the 
probable maximum heat flux for a given P, and 
mixture ratio. The effect of changes in com- 
bustion pressure, mixture ratio, chamber and 
nozzle configurations may then be estimated. In 
any case, the calculated results must be checked 
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experimentally; they should be regarded only as 
a first approximation to the actual heat fluxes. 


Ordinarily, it is desirable that the weight of 
the thrust chamber be as small as possible, which 
calls for thin, highly stressed walls. For the walls 
to be capable of maintaining an adequate stress 
level, they must be cooled to a low enough 
temperature for maintaining the structural integ- 
rity of the thrust chamber while it is exposed to 
the hot flowing propulsive gas. To accomplish 
that objective some form of cooling system must 
be provided that will maintain the local wall 
temperature at any point in the thrust chamber 
below the critical structural temperature, i.e., 
the temperature above which the structural 
integrity of the wall starts to deteriorate. The 
phrase cooling system, as employed here, in- 
cludes those systems where there is no real 
cooling of the wall, but the thermal capacity of 
the thrust chamber materials are employed for 
maintaining the walls below the critical struc- 
tural temperature. 


10-4.1 CLASSIFICATION OF THRUST 
CHAMBER COOLING SYSTEMS 


Thrust chamber cooling systems that have 
either been applied or conceived can be classi- 
fied into three broad groups: 


1. Nonregenerative systems which are based 
on either employing the thermal ca- 
pacity of the material as a heat sink or 
the thermal resistance of materials as. 
heat barriers. 


2. Regenerative systems which circulate 
either the liquid fuel or the liquid 
Oxidizer, or both, around the com- 
bustion chamber and nozzle; these are 
basically external cooling systems. 


3. nternai cooling systems which are based 
upon interposing some form of coolant 
between the hot propulsive gas and the 
internal surface of the wall to be pro 
tected. 
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Fig. 10-3 summarizes diagrammatically the 
different systems either employed or conceived 
for cooling rocket thrust chambers which burn 
either liquid or solid propellants. 


10-4.2 NONREGENERATIVE COOLING 
SYSTEMS 


The earliest cooling systems were of the 
nonregenerative type and were based on employ- 
ing structures which were capable of either 
absorbing or resisting the heat flux. 


10-4.2.1 HEAT-SINK COOLING OF THRUST 
CHAMBERS 


The heat flux q to the walls of a liquid 
propellant thrust chamber is ordinarily ex- 
pressed in B/sq in.-sec, and its magnitude de- 
pends upon the propellant system, its mixture 
ratio, the characteristics of the injector, and the 
part of the thrust chamber being considered. 
Because of the uncertainty of the values of q 
obtained by calculations based on theory alone 
(convection and radiation), it has become the 
practice to base the heat sink design on mea- 
sured values of the average flux for the com- 
bustion chamber, the overall heat flux for the 
nozzle, and the average heat flux for the entire 
thrust chamber (see Fig. 104). The afore- 
mentioned values of heat flux are based on 
thermocouple measurements in an experimental 
thrust chamber made of the materials to be 
employed in the design. It is necessary to know 
the thermal conductivity k, density p, and 
specific heat Cp of the materials involved. 

A heat-sink cooled liquid propellant thrust 
chamber, and also a solid propellant rocket 
motor, does not, of course, attain a state of 
thermal equilibrium, its local temperatures in- 
crease with the operating duration. Conse- 
quently, the safe operating duration for such a 
thrust chamber is limited. The allowable dura- 
tion is governed by such factors as the con- 
struction materials, the propellant system and its 
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mixture ratio, and the chamber pressure. The 
general problem is to design the thrust chamber 
so that its walls stay below the critical structural 
temperature, defined above, and to maintain the 
surface temperature of the nozzle throat suffici- 
ently low so that it does not soften and erode. 


Uncooled liquid propellant thrust chambers 
can be used in applications where the smaller 
specific impulse obtained with low mixture 
ratios, for reducing the combustion temperature, 
can be tolerated. Experiments conducted with 
the RFNA-aniline propellant system, at a mix- 
ture ratior = 1.5, indicated that the average heat 
flux for a heat-sink cooled thrust chamber was 
qa=0.8 B/sq in.-sec. For the nozzle the average 
heat flux was approximately 1.6 B/sq in.-sec. 
From a heat transfer standpoint the nozzle of a 
thrust chamber which is to operate heat-sink 
cooled should be made of a material having a 
high thermal conductivity so that the heat will 
be transmitted rapidly through the nozzle 
material. 


For short-duration, one-shot applications, 
having burning times of less than approximately 
2 sec, heat-sink cooled thrust chambers have the 
advantages of simplicity and low cost. 


10-4.2.2 HEAT-BARRIER COOLING OF 
THRUST CHAMBERS 


Heat-barrier cooling (see Fig. 10-3) can be 
effected by applying refractory liners, special 
refractory deposits from one (or both) of the 
liquid propellants, or a compound design com- 
prising several liners of different materials to the 
internal surfaces of the thrust chamber ‘*"'?. 
Recent experience with large solid propellant 
rocket motors, such as POLARIS and MINUTE- 
MAN, has demonstrated that ceramic materials 
are satisfactory heat barners. They must, how- 
ever, be carefully selected so that they are 
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compatible with the constituents of the pro- 
pulsive gas. The selection of the ceramic material 
should consider the following’ *: 


(1) It should have good thermal irisulating 
properties. 


(2) It should have a high melting or sub- 
limation temperature. 


(3) It should be resistant to oxidation at 
high temperatures. 


(4) It should be resistant to thermal shock. 


(5) It should not undergo changes in phase 


in the thermal range of opera- 
tion. 


Experiments have demonstrated that inter- 
nal coatings, applied either as a paint before 
firing or deposits formed from materials added 
to one of the propellants, -an be used as 
heat-barriers. They suffer from the serious 
disadvantage that their thicknesses vary dur- 
ing Operation, and hence their effectiveness is 
unpredictable. Experiments with liquid pro- 
pellant thrust chambers burning fuels such as 
JP-4 or RP-1 indicated that the deposition of 


carbon may be effective as a _heat-barrier 
deposit? *!°. 


10-4.2.3 COMPOUND HEAT-SINK AND 
HEAT-BARRIER COOLING OF 
THRUST CHAMBERS 


Compound designs have in the main been 
utilized for constricting the exhaust nozzles 
for solid propellant rocket motors (see par. 
8-6.5 and Fig. 8-9). The compound designs are 
baséd on utilizing the favorable properties of 
metallic and nonmetallic materials to provide 
botn heat-sink and heat-barrier functions for 


maintaining the structural integrity of the noz- 
zie. 


10-14 


—.- x .wum-_4.46(*.. a(a@mfeaesn a2 _* ) 24 gi = 


A typical compound design of an ex- 
haust nozzle would comprise a relatively thin 
outer metallic shell of molybdenum faced on a 
thick wall of a refractory material—for exam- 
ple, refrasil, asbestos fiber, zirconium oxide, 
a silicate, glass fiber, etc.—followed by a layer 
of graphite, and finally, exposed to the hot pro 
pulsive gas, a layer of a ceramic material having a 
fusion temperature exceeding 4700°F. 


10-4.3 REGENERATIVE COOLING SYSTEMS 


Figure 10-1(B) illustrates schematically how 
regenerative cooling is employed for liquid 
propellant thrust chambers. In the figure the 
fuel is circulated ix) a helical fashion around the 
inner walls before it is injected into the com- 
bustion chamber. For large thrust chambers and 
for those to be operated at combustion pressures 
above approximately 1800 psia the thrust 
chamber configuration may comprise an artay of 
truncated or pie-shaped, thin-walled tubes which 
are formed so that when they are either brazed 
or welded together their inner surfaces form the 
passage for the propulsive gas. The propellant 
used for cooling the heated surfaces flows 
through the tubes. As pointed out earlier, heat is 
transferred to the coolant through the tube wall 
by forced convection and radiation. 


It is not possible to predict the heat 
fluxes from the hot propulsive gas to the heated 
surfaces with good accuracy because the detailed 
phenomena are incompletely understood, as 
explained earlier. Consequently, to calculate 
predicted values of heat flux one must extra- 
polate experimental data which are representa- 
tive for the thrust chamber under consideration. 
It should be noted that even if the overall heat 
fluxes could be calculated accurately, their 
values cannot be regarded as sound criteria of 
the ability of the thrust chamber to operate with 
no “burnout’’. There is experimental evidence 
indicating that, for a given thrust chamber 
configuration, the design of the injector can 


exercise a major influence in producing local 
“hot spots”. 
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Despite the inadequacies of the current” 


methods fcr estimating heat transfer rates, the 
predicted and the experimental values of the 
heat flux distribution along the wall of the 
thrust chamber are instructive. They may be 
considered as preliminary qualitative informa- 
tion regarding the severity of the cooling 
problem. 


For the metals employed for construct- 
ing liquid propellant chambers — such as stainless 
steel, Inconel, nickel, etc. —itisdesirable to 
maintain the surface temperature of the hot gas 
side of the wall in the range 1500° to 2000°F 
depending upon the construction material. Tne 
choice of the propellant to be the regenerative 
coolant is based upon its ability to absorb the 
heat transferred with only local or nucleate 
boiling; the buik of the liquid must not reach 
either its boiling or decomposition tem- 
perature! 9+20 


If the temperature rise of the liquid (pro- 
pellant) coolant is measured between any two 
sections of the thrust chamber, the heat flux q 
is given by 


T 


, L2 
“> f my cpLaty 
* Thi 
= m\; T;, -—T (10-17) 
Ag “pL \f La Li 
av ‘ 


where 


Ag? area perpendicular to the heat flux q 


my = mass flow rate of coolant 


COL = average value of specific heat of the liquid 
coolant over the temperature range Ty, 
to TL, 
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Ty, = temperature of liquid coolant at Station 1 
Ty, = temperature of liquid coolant at Station 2 


Ordinarily the heat flux for a complete 
thrust chamber is subdivided into measurement 
of the flux to the combustion chamber portion 
Age: to the nozzle converging portion including 
the throat Agy, and to the’ nozzle diverging (or 


exit) portion Age: 


The heat to the walls of the thrust chamber 
is conducted not only through the wall but also 
through the gas film on the hot side of the wall 
and the liquid film on the cooled side. The rate 
at which heat flows through a wall of thickness 
L is given by 


Q, = “ A, 4ST = = Ay (Toy _ TL ICO18) 


where k,, is the thermal conductivity of the wall 
material at its average operating temperature, 
Tyzy is the/wall temperature on the liquid 
coolant side,’ and T, is the mean temperature of 
the main body of liquid coolant. 

The ratio k,/L is termed the liquid film 
conductance coefficient and is denoted by hy . 
Thus: 


hy =k,/L (10-19) 

If the measurement of the heat flow through 
the wall is based on the area of the heated wall 
area A,, then the wall temperature on the 
coolant side Ty is given by 





TT... 1,4 Qw (10-20) 
wL L hy Ar 
where 
Ty, +T 
Ty = Sa (10-21) 
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and 

AR = Ay /Ag (10-22) 
The temperature of the inner wall wetted by 

the hot propulsive gas, denoted by T we» is given 

by 

5 ee (10-23) 

Wg h,, wL 
where 


h,, =is the conductance of the wall material 
q = the heat flux, 5/sq in.-sec 


If R, and R, denote the radii to the gas 
and liquid sides of the wall, respectively, then 


ky 


ge ce 10-24 
Mw ws, In (R,/R,) sala 


The denominator in Eq. 10-24 is termed the 
effective wall thickness; it is a convenient 
parameter for accounting for the increase in the 
heat flow area from the hot gas side to the liquid 
coolant side. 


After Ty; and Typ have been calculated 
from Eqs. 10-20 and 10-23, respectively, the 
average wall temperature T,, is calculated to 
determine the allowable stress for the wali 
material. It is assumed that Ty, is given by 


Ty = (Twp + Tyg) /2 (10-25) 


Because the thermal conductivity of the wall 
material k, varies with the wall temperature 
T.,, and the latter is an unknown, the final 

Ww 
solution for Eqs. 10-20, 10-23, and 10-25 can be 
obtained only by tria! and error. 
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In designing the regenerative cooling system 
it is important that the pressure drop required 
for forcing the liquid coolant through the 
cooling passages is not excessive. 


The effectiveness of regenerative cooling 
depends upon the ability of the liquid coolant, 
usually the fuel, to absorb all of the heat 
transferred to it without vaporizing. In many 
cutrent thrust chambers the regenerative cooling 
is supplemented with a form of internal cooling, 
termed curtain cooling, which is a fuel-rich 
boundary layer of gas adjacent to the walls of 
the thrust chamber formed by injecting fuel 
through the outermost ring of injector 
nozzles? *. 


104.4 INTERNAL COOLING SYSTEMS 


Fig. 10-3 indicates that all internal cooling 
systems are based on injecting mass into the 
thrust chamber so that the injected mass pro- 
tects the thrust chamber walls from the hot 
propulsive gas. Internal cooling systems are of 
three main types: 


(1) Film cooling 

(2) Transpiration cooling 

(3) Ablation cooling 
10-4.4.1 FILM COOLING 


Film cooling is based on interposing a thin 
film of fluid, usually the liquid fuel, between the 
hot propulsive gas and the wall of the thrust 
chamber to be protected from it. The liquid for 
formin’ the film is injected into the thrust 
Chamber at a low velocity and in a manner that 
will produce a stable liquid film on the wall to 
be protected?/:22. As the film moves down- 
stream it becomes thinner due to evaporation, 
and a new injection station is located close to 
the region where all of the liquid in the film is 
evaporated. For the application of film cooling, 
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the parameter of interest is the mass flow rate of 
film coolant m ~ per unit area of the surface 
which is film-cooled. Thus 


(10-26) 


T, L=inlet temperature of the liquid coolant 


T 


27 temperature of the flowing gas 


Ty = temperature of the surface of the liquid 
film, assumed to be saturation temper- 
ature of the liquid coolant 


AH, =enthalpy of evaporation of the liquid 
coolant 


A, = area of film-cooled surface 
CyL= specific heat of the liquid coolant 


In Eq. 10-26 the parameter h is the heat 
transfer coefficient for the two-phase flow. 
Methods for evaluating h theoretically are given 
in References 25, 26, 27, and 28. 


10-4.4.2 TRANSPIRATION COOLING 


This type of cooling refers to methods for 
establishing a protective fluid film by forcing a 
fluid, usually a liquid, through a porous mate- 
tial. For the practical realization of transpiration 
cocling porous walls having the required per- 
meability, flow resistance and light weight are 
needed. If the porosity is too fine, the porous 
wall may filter out any solid impunities in the 
liquid coolant and become “piugged’’, thereby 
causing a local hot spot which causes a “burn- 
out’. 


In relatively recent years a porous metal 
made from sintered woven-wire cloth, Known as 
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““Rigimesh’’, has been developed for transpira- 
tion cooling applications. It is reported that 
most of the U.S. liquid hydrogen-liquid oxygen 
rocket thrust chambers have injectors employing 
Rigimesh plate? °. 


10-4.4.3 ABLATION COOLING 


The problem of providing tnerma] protec- 
tion to surfaces wetted by hot flowing gases has 
received considerable study in recent years, 
particularly for protecting re-entry bodies from 
aerodynamic heating. A similar problem is 
encountered in developing means for reducing 
the thermal flux to the metal portion of the 
exhaust nozzle of a solid propellant rocket 
motor. The solution of the aforementioned 
problems has resulted in the development of 
ablating materials as means for protecting sur- 
faces from high temperature gases. The ablating 
material is applied to the metal walls of the 
thrust chamber, as illustrated in Fig. 10-S. 


Due to the flow of hot propulsive gas past 
the ablating material, heat is transferred to the 
latter and a phase change occurs in the ablating 
material which results in what is essentially a 
mass transfer, i.e., the injection of gaseous 
ablated material into the hot gas boundary layer. 
The injection of the gas into the boundary layer 
produces a thermal blocking effect to the 
transfer of heat to the ablating material that is 
commonly termed either the mass-transfer effect 
or the transpiration factor*?:3°. As stated in 
Reference 31, ‘““The outstanding assets of suc- 
cessful ablative materials are their high sensible 
and latent heat capabilities and their suitability 
for the creation in situ of high surface tempera- 
ture, low-density insulative char layers’. 


Two different ablative processes are pos- 
sible: 


(1) Ablation with fusion of the ablative 
material and evaporation of the melted 
layer (liquid film) as illustrated in Fig. 
10-6(A). 


10-17 





Anetta aE yo padi 


oer 








SS OO wer met 5 sr = 
: ° 


. : ‘ gh “.¢ Foe GT bi ak» 
Se vO A AAT TERRE SATA AS SEE ire 





€ 
y 
r- 
€ 
& 
& 
2 
‘= 
c 
2 
2: 
iN 
é 
‘ 
‘s 
cd 


Fe ie 


ewer 


‘ . © yrs, 


AMCP 106-285 


(AETAL SHELL 


J 


[AZZ 







t 





Figure 10-5. Application of an Ablating Material to a Liquid Propellant Thrust Chamber 


(2) Ablation by sublimation of the solid 
ablating material, as illustrated in Fig. 
10-6(B). 

Figs. 10-6(A) and 10-6(B) illustrate schem- 
aticaliy the heat valances for the two ablation 
processes. 

Let 


q, =the incident heat flux, transferred by 
convection, from the hot propulsive gas to 
the ablating material 


=the heat flux due to chemical reactions of 
the ablative materials because of its ex- 
posure to the high temperature gas stream 
(e.g., cornbustion, decomposition, etc.) 


q, =the heat flux absorbed by the liquid 
(melted) layer of ablative material; the 
melted material ‘flows downitream and 


10-18 


absorbs more heat than if it remained 
stationary 


q¢e= the heat flux absorbed in melting the 
ablative material 


qy= the heat flux absorbed in vaporizing the 
melted ablative material 


q, = the heat flux absorbed in raising the 
temperature of the ablative material from 
its initial temperature to the fusion 
temperature 


Gp =the heat flux emitted by radiation to the 
gas layer 


q, =the heat flux absorbed by conduction to 
the solid ablating material 
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If steady state conditions are assumed, the 
heat balance equations for the two cases of 
ablation illustrated in Fig. 10-6, are as follows: 


1. Ablation with fusion and evaporation 


Go* Gch — (dm * 4, + 9¢+ Gy +4, + Gp +q,) =0 
(10-27) 
2. Ablation with sublimation 


Go + Gch — (Gin * Gsub * Is t+ IRF Gx) =O 
(10-28) 


In Eq. 10-28, q, denotes the heat flux: 


absorbed in raising the temperature of the 
ablating material from its initial temperature to 
the ablation temperature, i.e., the sensible and 
latent heats of ablation. The term q,,} denotes 
the thermal flux. absorbed in causing the 
sublimation of the ablating material. 


Regardless of the type of ablation process, 
the most significant term is the mass-transfer 
effect q,,. Introducing gas into the boundary 
layer causes it to thicken with a simultaneous 
reduction in skin friction and heat transfer”? . 


Ablative materials have been applied to give 
thermal protection to the metal walls of liquid 
propellant thrust chambers employed in the 
LANCE missile. As is to be expected they can 
only be applied where the limited operational 
life for the thrust chamber satisfies the 
operational requirements. 


10-5 FEED SYSTEMS FOR LIQUID PRO- 
PELLANT ROCKET ENGINES 


There are three principal! systems for forcing 
liquid propellants from the propellant tanks into 
the thrust cylinder: stored inert gas pressuriza- 
tion, chemical gas pressurization, and turbo- 
pump pressurization. °* 
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10-5.1 STORED (INERT) GAS PRESSURI- 
ZATION 


Fig. 10-7 illustrates schematically the es- 
sential elements of a stored gas pressurization 
system. A gas such as nitrogen or helium is 
stored under pressure (1]800 to 4000 psia, 
depending upon the cesired chamber pressure) 
and used for pressurizing the propellant tanks. 
The system is simple and reliable. Gas is supplied 
to the propellant tanks at a regulated pressure 
which maintains the propellant flow rates at the 
desired values. The gas pressure in each 
propellant tank exceeds the combustion pressure 
by the sum of the pressure drops in the 
propellant feed line and the injector. Conse- 
quently, the propellant tanks must be designed 


_to withstand relatively high pressures. 


It is usually desirable that the pressurizing 
gas should not react chemically with, or dissolve 
in, either the fuel or the oxidizer. Where one or 
both of the propellants is a liquefied gas, such as 
liquid oxygen, the pressurizing gas must not 
condense when it comes in contact with the 
liquefied gas. 


The .tored gas pressurization system is most 
applicable to either short-duration or small 
thrust rocket engines because of the large 
weights of the high pressure tanks for the stored 
gas and for the propellants. It may find 
application to missiles having a relatively short 
range (up to approximately 75 miles) where 
simplicity and reliability are more important 
than the weight of the missile. 


The weight of pressurizing gas required for a 
given set of operating conditions depends upon 
the molecular weight and specific heat ratio for 
the stored gas. Thus, the weight of helium 
required in a given case, compared to air or 
nitrogen, is approximately 65 percent. The 
decrease in the weight of stored gas achieved by 
using helium has only an insignificant influence 
upon the ovzrall weight of the pressurization 
system because the weights of the stored gas and 
the propellant tanks are practically unchanged. 
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10-5.2 CHEMICAL GAS PRESSURIZATION 


In a chemical gas pressurization the pres- 
surizing gas is produced by a chemical reaction 
as it is used, thereby essentially eliminating a 
large part of the weight of the high pressure tank 
required in a stored gas pressurization system. 
The pressurizing gas is produced in a special gas 
generator either by reacting liquid bipropeliants, 
decomposing a monopropellant such as hydra- 
zine, or by buming a solid propellant. 
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Figure 10-7. Diagrammatic Arrangement of a Stored Gas Pressurization System | 
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Irrespective of the method employed, it Is 
important that there be no chemical reaction 
between the pressurizing gas and the liquid 
propellant. Neither should they react physically. 
Moreover, the tcnperature should be low 
enough to preclude strucfura! problems due to 
heating. 


Low temperature gases which will not react 
chemically with the propellants can be obtained 
by employing two gas generators; one for 
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pressurizing the oxidizer, and the other the fuel. 
The former is operated rich in oxidizer and the 
latter rich in fuel. 


10-5.3 TURBOPUMP PRESSURIZATION 


The large tank weights required with either 
the inert gas or the stored gas pressurization 
systems are greatly reduced by employing a 
turbopump pressurization system. The latter 
consists of a set of propellant pumps driven by a 
turbine which is powered by gases generated in 
some form of gas generator, as illustrated 
schematically in Fig. 10-8. 


As the thrust of the rocket engine is 
increased, there is a reduction in the operating 
duration for which the turbopump pressurizing 
system becomes lighter than the inert gas 
pressurizing system; ¢.g., for a 5000 Ib thrust 
engine the operating duration is approximately 
25 sec and for a 50,000 Ib “ust engine it is 
approximately 7 sec. Turbopump pressurization 
is particularly suitable in the case of liquid 
rocket engines which must devclop either large 
thrusts, or operate for long durations, or both. 
This type of engine is particilarly adaptable to 
the propulsion of interm: iiate and long-range 
surface-to-surface missiles. 


Because of the importance of low weight in 
the liquid propellant engines for such missiles, 
the turbines and pumps must be light in weight. 
Such turbines and pumps are generally operated 
at high speeds in order to hold weight to a 
minimum. The pumps are usually centrifugal 
pumps with radial bladed impellers of high 
specific speed design and operate with high fluid 
velocities at their entrance sections 74°34'35. To 
avoid cavitation, which occurs when the static 
pressure in the flowing fluid is smaller than its 
vapor pressure, the propellants must be pres 
surized °°:37. Hence, the selection of the pump 
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speed requires optimization of two influences: 
(1) the decreasing weight of higher speed pumps, 
and (2) the increasing weight of the gas 
pressurizing apparatus required for minimizing 
cavitation effects. 


In most turbopump systems the gases for 
operating the turbine are produced in a separate 
gas generator either by reacting suitable 
propellants or by decomposing a monopropel- 
lant. The gases must be supplied at a 
temperature which the turbine blades can safely 
withstand. 


In cases where the propellants burned in the 
gas generator are the same as those burned in the 
thrust cylinder, the mixture ratios must be 
either fuel-rich or oxidizer-rich in order to limit 
tiie‘ gas temperature to approximately 1800°F. 
If the fuel is a hydrocarbon and the gases are 
fuel-rich, problems du> to carbon depositing in 
critical passages of the gas generator and turbine 
are apt to be encountered. If the gases are 


- oxidizer-rich severe corrosion problems may he 


met. 


Gases produced by decomposition of high — 


strength peroxide (HTP) for operation of the 
turbine consist of steam and oxygen at less than 
1000°i*. Gases produced by the decomposition 
of hydrazine (see par. 9-3.1) are at approxi- 
mately 1800°F. 


10-6 THRUST VECTOR CONTROL 


Thrust vector control has been discussed in 
detail in par. 8-7.7.] and much of the discussion 
in that paragraph also applies to liquid propellant 
rocket engines. In many current liquid propel- 
lant engines, thrust vector control is achieved by 
gimballing the complete thrust chamber and its 
turbopump so that the thrust chamber can be 
pivoted with respect to the thrust axis. The 
hydraulic actuators for moving the assembly are 
usually operated by liquid fuel tapped from the 
fuel pump discharge. 
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10-7 VARIABLE THRUST LIQUID ROCKET 
ENGINES 


The thrust of a rocket thrust chamber is 
given by Eq. 5-10 which is repeated here for 
convenience 


F=CpA,P.= Wie wV/T/m (10-29) 


where, as before, m is the molecular weight of 
the propulsive gas. 


Eq. 10-29 indicates that the thrust of a 
liquid propellant thrust chamber can be varied 
by varying the mass rate of propellant flow, 
while the mixture ratio r = m,/mg¢ and the 
nozzle throat area are maintained constant. The 
combustion pressure P, will then vary almost 
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linearly with the propellant flow rate. Decreas- 
ing the flow rate, in addition to reducing P,, also 
reduces the specific impulse I,,. If r =m, /myis 
held constant, the thrust can be varied by 
varying simultaneously the throat area Ay— by 
means of a form of plug inserted in the throat — 
and the propellant flow rate. This method of 
variable thrust operation keeps P., T,, and m 
essentially constant so that the specific impulse 
sy remains substantially constant over the 
thrust range. 


A method for varying thrust by varying the 
propellant flow rate without causing too small a 
pressure drop across the injecior is to design the 
latter so that the number of injector orifices 
through which the liquid fuel and liquid oxidizer 
can flow can be varied. A mechanical system 
employing the latter priuciple is employed in the 
sustainer motor of the LANCE missile. 
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CHAPTER 11 


COMPOSITE CHEMICAL JET PROPULSION ENGINES 


11-1 INTRODUCTION 


For several years theoretical and experi- 
mental! studies have been conducted for deter- 
mining the characteristics of composite jet pro- 
pulsion engines. In such engines the propulsive 
gas which is to be expanded in an exhaust 
nozzle, the propulsive eiement, is produced by 
reacting chemicals which are in different phases. 
From a general point of view composite engines 
may be grouped as follows: 


(1) Air-augmented rocket engines. In these 
engines air is inducted as the oxidant for 
burning either a fuel-rich liquid or solid 
propellant. 


(2) Air-turborocket engines. These are es- 
sentially turbojet engines (see Chapter 1) 
in which the turbine which drives the air 
compressor is powered by gas produced 
by reacting chemicals, usuaily liquid 
propellants, in a special gas generator. 
These gases are fuel-rich and, after 
flowing through the turbine, are burned 
in a combustor with compressed air 
supplied by the air compressor. The 
products of combustion, the propulsive 
gas, then expand in a suitable exhaust 
nozzle. 


(3) Hybrid rocket engines. These are bipro- 
pellant rocket engines in which the 
oxidizer is a liquid and the fuel is a solid. 
If the phases of the oxidizer and fuel are 
reversed the engine is termed a reversed 
hybrid rocket engine. 


To date the above composite engines have 
not emerged from the research and development 
stage. 


It is frequently stated that an engine which 
is an outgrowth of two different engines cannot 
be superior to its parent engines over the entire 
range of operation. Nevertheless, the composite 
engine may have improved characteristics over 
certain ranges of altitude and flight speeds, and 
its greater design flexibility may be advanta- 
geous for some applications. 


- 
a 


In genéral, the stimuli for developing the 
composite engines in Groups (1) and (2) are 
their potential for achieving improved perfor- 
mance at altitude, and faster rate-of-climb for 
vehicles propelled by conventional air 
consuming engines. 


The discussions in this chapter will be 
confined to hybrid-type rocket engines. 


11-2 HYBRID-TYPE ROCKET ENGINES 


The name hybrid rocket engine applies 
currently to a bipropellant rocket engine which 
uses a liquid oxidizer and a solid fuel. The two 
propellants are stored in separate tanks or 
chambers within the propelled vehicle. In 
general, the solid fuel will not bum in the 
absence of the liquid oxidizer. The solid fuel is 
normally in the form of a simple internal- 
burning cylindrical grain, and may or may not 
be case-bonded. If the solid fuel contains no 
solid oxidizer, the propellant system 1s termed a 
true hybrid propellant system. 
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To achieve ease of ignition, the solid fuel 
grain may in some hyovrid propulsion systems 
contain varying amounts of a solid oxidizer, 
ranging from a few percent to an amount which 
will sustain combustion of the fuel indepen- 
dently of the injection of liquid oxidizer. 
Compositions not materially different from 
those for conventional solid propellants have 
been investigated, as well as fuel-rich solid 
propellant grains. Such systems are termed 
conventional hy brid rocket engines. 


Because the solid fuel in a true hybrid rocket 
engine, hereafter referred to as a hybrid rocket 
engine, contains no solid oxidizer the hybrid 
rocket engine is capable of thrust termination 
and restart by proper regulation of the flow of 


liquid oxidizer; it is assumed that the liquid 


oxidizer and solid fuel are hypergolic. 
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11-2.1 CLASSIFICATION OF HYBRID-TYPE 
ROCKET ENGINES 


Hybrid rocket engines can be segregated into 
two groups based on the methods employed for 
injecting the liquid oxidizer, mixing the oxidizer 
and fuel gases, and achieving combustion. The 
two principal methods are: 


(1) Head-end Injection 


(2) Afterburning Combustion 


11-2.1.1 HEAD-END INJECTION HYBRID 
ROCKET ENGINE 


Fig. 11-1 illustrates schematically the essen- 
tial elements and their arrangement in a 


OXIDIZER 
INJECTOR 





COMBUSTION 
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Figure 11-1. Essential Features of a Hybrid Rocket Engine With Head-End Injection 
of the Liquid Oxidizer 
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head-end (or fore-end) injection hybrid rocket 
engine. The injector through which the liquid 
OXiuizer is sprayed into the perforation in the 
solid fuel grain is located at the head-end of the 
single combustion chamber. 


11-2.1.2 AFTERBURNING (CON VEN- 
TIONAL) HYBRID ROCKET EN- 
GINE 


Fig. 11-2 illustrates diagrammatically the 
essential features of an afterburning (conven- 
tional) hybrid rocket engine. In this type of 
engine the solid propellant grain contains 
sufficient solid oxidizer to sustain combustion. 
The fuel-rich gases formed by the combustion of 
the solid propellant flow toward the afterburner 
wherein the liquid oxidizer is injected. The 
fuel-rich gases are mixed with vaporized oxidizer 
and bumed in the afterburner. 


GAS GENERATOR 
FOP PRESSURIZING 
LIQUID OXIDIZER 






C= 


NZ 


YY 
SOLID PROPELLANT 
\ GRAIN 


IGNITER FOR 
SOLID PROPELLANT GRAIN 


KL 


GAS FLOW 
—— 


AMCP 706-285 


A hybrid propellant system cannot be 
employed in an afterburner engine because the 
solid fuel has no oxidizer for sustaining its 
combustion. 


Thrust termination in an afterburning cor- 
ventional hybrid engine cannot be achieved by 
merely stopping the flow of liquid oxidizer. 


11-2.1.3 TRIBRID ROCKET ENGINES 


The tribrid rocket cngine is an engine 
employing the hybrid concept, but is uses a 
tripropellant system. A typical tribrid system is 
one using a solid fuel (such as aluminum 
hydride), a liquid oxidizer (such as chlorine 
trifluoride), and a gaseous fuel (such as 
hydrogen). The liquid oxidizer reacts with the 
solid fuel to produce high temperature gases, 
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Figure 11-2. Essential Features of an Afterburning Hybrid Rocket Engine 
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and the hydrogen gas is heated by them so that a 
low molecular weight propulsive gas is pro- 
duced. In essence, the tribrid rocket engine is a 
chemical analogy to a nuclear rocket engine 
using hydrogen as the working fluid. The hybri¢c 
gives higher theoretical values of specific impulse 


- than any of the known chemical bipropellant 


systems. Only limited experiments have been 
conducted with tribrid propellant systems. 


11-3 POTENTIA], ADVANTAGES OF THE 
HYBRID ROCKET ENGINE 


It is frequently stated. as may be inferred 
from par. 11-1, that the hybrid rocket engine 
combines the disadvantageous features of the 
liquid and solid propellant rocket engines. The 
proponents of the hybrid rocket engine, how- 
ever, claim the opposite; i.e., that type of engine 
combines the most desirable features of its par- 
ent engines *:’, The truth probably lies some- 
‘where between the aforementioned extremes. 


The principal a.j:cntages of the hybnd 
rocket engine, real and potential, are related to 
the following: 


(1) Safety in Handling 

(2) Thrust Termination and Restart 

(3) Volume-limited Propulsion Systems 
(4) Variable Thrust Operation 


(5) Mechanical Properties of the Solid Fuel 
Grain 


(6) Storability 


(7) Flexibility in Selection of Propellant 
Systems 


(8) Simplicity 
11-4 


i1-3.1 SAFETY IN HANDLING HYBRI 
PROPELLANTS : 


Separate storing of the fuel and oxidizer is 
utilized in liquid bipropellant rocket engines. In 
a solid propellant rocket motor no such 
separation is possible. As the performance of 
solid propellants has been increased, they have 
become more shock sensitive; some formulations 
are not far different from explosives. The hybrid 
rocket prupellant system eliminates the shock 
sensitivity associated with high performance 
solid propellants by separating the fuel and 
oxidizer until the firing of the engine is desired. 


.11-3.2 THRUST TERMINATION AND RE- 
START 


The thrust of a true hybrid rocket engine is 
terminated by terminating the flow of liquid 
cxidizer.- If the liquid oxidizer is hypergolic with 
the solid fuel, the hybrid rocket engine is 
restarted by merely restarting the flow of liquid 
oxidizer, 


11-3.3 VOLUME-LIMITED PROPULSION 
SYSTEMS 


The density impulse (see par. 6-3.7.2) is a 
criterion which gives an approximate indication 
of the adequacy of a propellant for application 
to a volume-limited propulsion system. In such a 
system the amount of energy per unit volume of 
propellant is important. Since the density 
impulse I C is an important parameter — where I p 
is the product of the specific impulse and the 
density of the propellants in cc — the higher the 
density impulse, the larger is the amount of 
propellant that can be loaded into a given 
volume. 


The density impulse of some hybr‘d propel- 
lant systems is between 400 > 7 500 gsec/cc, 
and some have values exceedin,,.  _— gsec/cc. In 
companson, for liquid bipropellant systems, 
density impulse values are less than 400 gsec/cc, 
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and for solid propellants they range from 400 to 
SOO gsec/cc. Consequently, hybrid rocket 
engines have the potential for storing large 
amounts of energy per unit volume. 


11-3.4 VARIABLE THRUST OPERATION 


Hybrid rocket engines offer a relatively 
simple means for varying the thrust i~vel over a 
wide range, by merely varying the liquid 
oxidizer flow rate. Unfortunately, for many 
hybond propellant systems the transformation of 
the solid fuel into the gaseous fuel which reacts 
with the vaporized (liquid) oxidizer does not 
vary directly with the oxidizer flow rate. 
Consequently, the ratio — oxidizer flow rate to 
fuel flow rate —does not remain constant over 
the range of thrust variation, and there is a 
decrease in the specific impulse °. 


11-3.5 MECHANICAL PROPERTIES OF THE 
SOLID FUEL GRAIN 


The increase in the specific impulses of 
modem conventional solid propellants has been 
achieved in large measure by (1) increasing the 
percentage of solids (metal additives and 
powdered crystaline oxidizers)in the propellant 
formulation and (2) simultaneously reducing the 
percentage of the binder (see par. 7-3). As a 
result, the mechanical properties of such solid 
propellant grains have been reduced (see par. 
7-5). Since no solid oxidizer or additives are in 
the formulation for the solid fuel of a hybrid 
rovket engine, the fuel grain has superior 
mechanical properties. Furthermore, the solid 
fuel grain in a conventional hybrid rocket engine 
has improved mechanical properties compared 
to asolid propellant because of its lower content 
of solid oxidizer. 


11-3.6 STORABILITY OF HIGH ENERGY 
PROPULSION SYSTEMS 


It is possible to use optimum combinations 
of solid fuel and liquid oxidizer, and there is a 
great flexibility in the choice of the individual 
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propellants. In fact, almost any known material 
which can be handled is a possible candidate as a 
propellant. Currently, the maximum theoretical 
specific impulse for hybrid propellant systems is 
approximately 360 sec, which is comparable 
with liquid cryogenic bipropellant systems, but 
with the added feature of starability. 


11-3.7 FLEXIBILITY IN PROPELLANT SE- 
LECTION 


The hybrid concept offers the capability of 
using optimum propellant systems regardless of 
the mutual incompatibihiy of the liquid oxidizer 
and solid fuel. This gives the engine designer 
greater flexibility in overcoming the limitations 
of both solid and liquid propellant rocket 
propulsicn systems °. 


11-3.8 SIMPLICITY 


The hybrid rocket engine is simpler than a 
liquid bipropellant rocket engine, but not as 
simple as a conventional solid propellant rocket 
motor. If variable thrust, thrust termination, and 
Testart are necessary; then the hybrid rocket 
engine becomes the simplest rocket engine. 


11-- THEORETICAL SFECIFIC IMPULSES 
FOR HYBRID ROCKET PROPELLANT 
SYSTEMS?! ° 


Table 11-1 presents the theoretical specific 
impulse and the corresponding combustion 
temperature for hybrid rocket propellant sys- 
tems using solid fuels and either liquid fluorine 
or oxygen as the oxi‘tzers. The combustion 
pressure is P, =100f j sia in all cases, and the 
propulsive gas is assumed to expand to standard 
sea level (P, np = 14.7 psia). The calculations are 
based on shifting equilibrium and a mixture 
ratio (Wg/Wy) corresponding to the maximum 
specific impulse; where Wo and wr are the 
.weights of the oxidizer and fuel consumed, 
respectively. 
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: | TABLE 11-17 | 
| ! PERFORMANCE OF HYBRID FUELS WITH FLUORINE | | 
- : AND OXYGEN OXIDIZERS? _, 
; HYBRID MIXTURE = SPECIFIC CHARACTERISTIC 
PROPELLANT RATIO, woreeere | COS OLE VELOCITY c*, 
! SYSTEM nies P, = 1000 psia TEMP., °K exe 
| ad SEA LEVEL 
O, /Mg 2.00 222.5 4014 4296. 
: O, /Li 1.50 238.4 3769 4537 ] 
i O, /B 2.20 260.8 4591 5059 
| O, /AIH, 0.64 308.2 3758 $902 : 
O, /LiBH, 2.40 307.6 3773 6035 
O, /LiAIH, 0.85 307.3 3534 5864 - | 
! O, /BeH, 1.40 379.6 4712 7339 7 : 
| O, /Si 2.00 218.9 3979 4237 
: : O, /SiH, 0.80 305.4 4111 6048 “ . 
| O, /Be(BH, ), 1.77 330.8 3624 6431 “” ; 
Po F, /Al 2.81 299.7 5480 5903 = 
: : F, /AlH, 3.20 349.0 $247 6872 - 4 
= | F, /Be 5.00 355.0 6491 6957 _ 
| F, /BeH, 4.00 391.4 5349 7744 a 
! F, /B 5.18 317.5 5278 6241 
: F, /LiBH, 6.00 360.8 4950 7112 | 
F, /LiAlH, 3.50 353.2 5144 6962 
F, /Li 2.50 378.0 5584 7527 ; 
: F, /LiH 5.00 362.6 4939 7219 ‘ 
F, /Me 2.00 302.1 5594 5955 7 
| F, /MgH, 1.50 367.2 5181 7303 
F, /Si 5.00 287.9 4641 5615 
F, /SiH, 3.00 326.8 5358 6439 
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+Data given at a mixture ratio spproximately corresponding to maximum specific impulse. 
Shifting equilibrium. 


tUnpublished information furnished by Rocketdyne. 
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It is seen that the F, - BeH, system givesa 11-4.1 CHARACTERISTICS OF THE PRO- 
theoretical specific impulse of 391.4 sec, which PULSIVE GAS OF A_ HYBRID 
is comparable to the liquid bipropellant system ROCKET ENGINE 

«<> H, -F,, which for the same conditions gives a 


theoretical specific impulse of 410 sec. It is evident from the propellant systems 











ad listed in Tables 11-1 and 11-2 that the chemical 
Table 11-2 presents the same type of reaction of a hybrid propellant system usually 
information as in Table 11-1 for hybrid solid produces a propulsive gas having relatively large 
fuels reacted with hydrogen peroxide and molecular weight, compared to that of a 
chlorine trifluoride as the liquid oxidizers (see conventional liquid or solid propellant rocket 
pars. 9-3.2 and 9-4.3.2). engine. The higher specific impulse values for 
: | TABLE 11-27 
: E PERFORMANCE OF HYBRID FUELS WITH HYDROGEN PEROXIDE 
: t CHLORINE TRIFLUORIDE OXIDIZERS 
; 
: pO 
’ SPECIFIC 
| HYBRID MIXTURE CHARACTERISTIC 
. 
PROPELLANT RATIO, IMPULSE COMBUSTION VELOCITY c*, 
| SYSTEM ‘i. “—  Tee ft/sec 
: o'"f — SEA LEVEL 
| = H,O,/.33 Alk.67(CH,), 1.30 290.0 3520 $632 
: H, 0, /(CH, ), 7.30 271.5 2993 $467 
: H, O, /LiH 1.28 266.3 2245 5143 
: | H,0,/Al 2.50 266.1 3948 $129 
H, O, /AlH, 0.90 321.7 3579 6160 
; H,O,/LiAlH, 1.07 310.7 3211 6052 
H, O, /SiH, 1.00 303.1 3256 5880 
7 CIF , /LiH 5.50 290.0 4086 5893 
1 CIF ,/19 LiH-1(CH, ), 5.50 288.9 4060 5837 
| CIF, /(CH,)n 3.32 257.8 3543 5165 
| CIF, /A1H, 4.00 289.0 4637 5725 
CIF ,/BeH, 5.00 323.8 4717 6398 
CIF, /LiAIH, 4.00 290.2 4437 5759 
? 
CIF ,/SiH, 5.00 274.0 4461 5339 
CIF ,/MgH, 3.00 278.0 4444 5507 
{ 
P tData given at a mixture ratio approximately corresponding to maximum specific impulse. 
Shifting equilibrium 
- ‘ All H, O, calculations for 100% H,0,. 
tUnpublished information furnished by Rocketdyne. 
E 
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hybrid propellant systems are due to their high 
combustion temperatures. The maximum spe- 
cific impulse is obtained with several hybrid 
propellant systems when they are reacted with 
an excess Of oxidizer. Consequently, the hot 
propulsive gas is oxidizer rich so that there 
occurs a vigorous chemical reaction with the 
walls of the exhaust nozzle and structural 
mem bers. 


11-4.2 COMBUSTION OF HYBRID PROPEL- 
LANTS 


The basic problems in deveioping a hybrid 
rocket engine are related to the combustion 
process. Currently, the combustion efficiency of 
hybrid propellant systems is low, so that the 
actual specific impulse is, at best, approximately 
85 percent of the theoretical specific impulse. 
Furthermore, the solid fuel burns unevenly 
along its length and a “burnout” may occur 
before all of -the fuel is consumed. Conse- 
quently, the major objectives of the research and 
development effort for the past several years 
have been concerned with obtaining a better 
understanding of the combustion process, and 
with investigating methods for controlling it®. 


It is well-recognized that the combustion 
process in a hybrid rocket engine is quite 
different from that occurring in either a liquid 
propellant or solid propellant rocket engine. 
From the investigations conducted to date it has 
been determined that the combustion processes 
in a hybrid engine are amenable to scientific 
analysis, and that the basic phenomena are now 
well understood. Also several of the processes 
can be described by mathematical equations®:” . 


It has been established that the actual 
combustion occurs in a relatively narrow zone 
which is fed by gaseous decomposition products 
of the solid fuel and gases from the liquid 
oxidizer. The heat for producing and heating 
those gases comes from the combustion zone by 
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either conduction or radiation, or both. Where 
the gasified fuel and oxidizer meet, combustion 
occurs; the products of combustion, the 
propulsive gases, diffuse away from the combus- 
tion chamber. 


The surface of the solid fuel in a hybrid 
rocket engine is much colder than _ the 
combustion temperature because it is controlled 
by the temperature required for either vapor- 
izing or decomposing the solid ‘uel; for 
conventional hybrid fuels the surface tempera- 
ture is between 400° and 750°F. Furthermore, 
the temperature at the center line of the 
perforation in the solid fuel grain, termed the 
port, is also relatively low®. 


The liquid or gaseous oxidizer sprayed into 
the port (see Fig. 11-1) should not impinge upon 
the surface of the solid fuel grain after chemical 
reaction has been initiated. Instead, it should 
diffuse and vaporize so that it will mix readily 
with the material in the active combustion 
zone°®. 


The major factor in improving the perfor- 
mance of a hybrid rocket engine is the control 
of the processes so that there is a thorough 
mixing of the vaporized fuel and oxidizer, and 
combustion is complete, so that no unreacted 
materials are exhausted through the exhaust 
nozzle. 


Another major comoustion problem relates 
to the low rates of combustion obtained with 
hy brid propellant systems. Because the solid fuel 
grain contains no oxidizer, the rate of 
transformation of the fuel from the solid to the 
gas phase is govemed primarily by the heat 
transferred to the grain anc the energy required 
for the phase transformation. The ideal hybrid 
fuel would be one having the lowest possible 
enthalpy cf vaporization or decomposition. 
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11-5 PERFORMANCE PARAMETERS FOR 
HYBRID ROCKET ENGINES 


The performance parameters for chemical 
rocket propulsion systems, discussed in Chapter 
5, are applicable to hybrid rocket engines. For 
example, the specific impulse I,,, the character- 
istic velocity c*, and the effective jet velocity c 
have the same meanings for all rocket propulsion 
systems. Some modifications to some of the 
performance criteria are needed in applying 
them to hybrid rocket engines. Two such 
modifications will be discussed. 


11-5.1 SPECIFIC IMPULSE OF A HYBRID 
ROCKET ENGINE 


Two interpretations of the specific impulse 
are employed quite generally; namely, the 
instantaneous specific impulse, and the system 
specific impulse. 


The instantaneous specific impulse is defined 
by Eq. 54, which is repeated here for 
convenience. Thus 


Ly = Fg,/m, = F/w, (11-1) 


where 
F =instantaneous thrust, lb 


=instantaneous mass rate of consumption of 
propellants, slug/sec 


w,. = instantaneous weight rate of consumption 
of propellants, 1b/sec 


9. =gravita‘ional conversion factor =32.174 
slug-ft/lb-sec? 
The system specific impulse is defined by 
t=t B 


Isp = | , (Fat/W,,) (11-2) 
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where 
t = time 


tp = time to consume the propellant weight Wo 


Eq. 11-1 defines the specific impulse at any 
instant of time. Its value may vary throughout a 
firing because it is a function of the combustion 
conditions. In general, the instantaneous specific 
impulse corresponds to the maximum value 
obtainable from the engine. Fig. 11-3 illustrates 
the manner in which the instantaneous specific 
impulse could vary during a typical firing of a 
hybrid rocket engine. The system specific 
impulse defined by Eq. 11-2 gives the average 
value for the engine for a complete firirg; it, 
therefore, includes the inefficiencies due to 
ignition, flow rate variation, sliver loss, etc. In 
many liquid and solid propellant rocket engines 
the difference between the two values of specific 
impulse may not be great. In the case of a 
hybrid rocket engine, however, values of the 
instantaneous and system specific impulses may 
be quite different because of such difficulties as 
the proper sequencing of the oxidizer liquid 
flow, fluctuations in its mass flow rate, pressure 
variations, ecc. Fig. 11-4 illustrates a typical 
pressure-time curve for a hybrid rocket engine. 


The system specific impulse more nearly 
presents the actual capability of a hybrid rocket 
engine. Moreover, there is no method for 
accurately determining the fuel consumption 
rate, hence any stated values of instantaneous 
specific impulse for a hyb-id rocket engine are 
open to question. 


11-5.2 CHARACTERISTIC VELOCITY FOR A 
HYBRID ROCKET ENGINE 


The comments in par. 11-5.1 with regard to 
the specific impulse are also applicable to the 
Characteristic velocity c*®. The characteristic 
velocity is defined by Eq. 5-13, which is 
repeated here for convenience. Thus, the 
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Figure 11-3. Variations in Instantaneous and System Specific Impulse During the 
Firing of a Hybrid Rocket Engine 


instantaneous characteristic velocity is defined 
by 


c* = PoApBge/ Wp 


where 


(11-3) 


P.. = the chamber pressure 


Ay = the area of the nozzle throat 


Accordingly, the system c* is given by 


t=tp 
c*= { (PAS o/Wp dt (11-4) 


t=0 
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A problem is encountered in determining the 
system characteristic velocity because the throat 
of a hybrid rocket engine erodes during the 
firing. To obtain an average value for the throat 
area A, during the complete firing, two methods 
have been used. One assumes that the throat 
diameter increases lincarly with time, and the 
other assumes that the value of the throat area is 
the arithmetic average of the nozzle throat areas 
before and after the firing. 


11-6 INTERNAL BALLISTICS OF THE 
HYBRID ROCKET ENGINE 


In general, the internal ballistic data for 
designing solid propellant rocket motors may 
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Figure 11-4. Typical Pressure-Time Curve for a Hybrid Rocket Engine 


not be applied directly to a hybrid rocket 
engine. Nevertheless, there are some similarities 
between the behaviors of these two types of 
rocket propulsion systems. For example, the 
thrust equation, given by Eq. 5-10, is also 
applicable to the hybrid rocket engine. 


11-6.1 THRUST EQUATION 


From Eq. 5-10, one obtains the following 
thrust equation for a hybri : rocket engine: 


F = CePA; (11-5) 


where 


Ce the thrust coefficient (see Chapter 5). 


Y 
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It is not possible to predict either theoreti- 
cally or empirically the chamber pressure P,, for 
a hybrid rocket engine. To predict the behavior 
of a specific hybrid propellant system, data must 
be available regarding the burning rate laws for 
that system. 


11-6.2 BURNING RATE OF HYBRID PRO- 
PELLANTS 


In general, Saint-Robert’s law for the 
buming rate of a solid propellant does not apply 
to the solid fuel grain of a hybrid -scket engine. 
Experiments indicate that the burning rate, aiso 
called the regression rate for a hybrid fuel 
depends upon the flow rate of the liquid 
oxidizer, im a manner analogous to the 
dependence of the buming rate of a solid 
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propellant upon the combustion pressure. The 
mass flux of the oxidizer has such a 
predominant influence that, for many hybrid 
propellant systems, the burning rate depends 
only slightly on temperature. In general, the 
regression rate of several nonmetallized solid 
fuels appears to be independent of the chamber 
pressure® . 


Conventional hybrid propellant systems, be- 
cause they contain oxidizer in the solid fuel 
grain, are capable of sustaining combustion, and 
the burning rate follows Saint-Robert’s law (see 
Eq. 8-3). The addition of a liquid oxidizer in the 
combustion zone alters the behavior of the 
propellant system, but in a rather predictable 
manner. For example, the buming rates of 
several solid propellants are increased approx+ 
mately 10 percent when they are used in a 
hybrid application. The increase in burning rate 
is attributed to the increase in the flame 
temperature of the hybrid combustion process. 


Although several (true) hybrid propellant 
systems have buming rates which are indeper- 
dent of the chamber pressure, this characteristic 
does not apply to all hybrid propellant 
systems! °, 


The solid fuel grain of a hybrid rocket 
engine does burn in accordance with Piobert’s 
saw, 1e., the buming surface recedes normal to 
itself. There are, however, several reservations to 
that statement. For example, in regions of high 
concentrations of the oxidizer fluid, the burning 
surface recedes faster than in those of low 
oxidizer concentration. This gives rise to what 
are termed ‘‘worm holes” in the solid fuel grain. 


The dependence of the burning rate of the 
hybrid fuel (solid) upon the mass flux of liquid 
oxidizer has a predominating influence upon the 
design of the grain configuration for the solid 
fuel. If the flow of liquid oxidizer is held 
constant, then the thrust of a hybrid rocket 
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engine is a function of the solid fuel consump- 
tion rate; the latter depends on the rate of 
production of gaseous fuel per unit area of the 
grain surface (see par. 81.1). Consequently, as 
the sclid fuel surface regresses the port area 
increases. If the burning surface has a configura- 
tion which maintains a constant buming surface, 
such as an internal buming star, then the thrust 
will decrease. For the thrist to remain constant, 
however, the area of the burning surface must be 
increased. For this reason a tubular internal- 
burning grain is used in most cases, and is found 
to give the required increase in burning surface 
as the burning surface regresses. 


11-7 GENERAL DESIGN CONSIDERATIONS 
PERTINENT TO HYBRID-TYPE 
ROCKET ENGINES 


The unique features of hybrid type rocket 
engines introduce new design problems in addi 
tion to those pertinent to liquid and solid 
propellant rocket engines. Furthermore, some of 
the latter design problems are intensified. Some 
of the new problems still await solutions. 


The (true) hybrid rocket engine has been 
investigated more extensively than the conven- 
tional hybrid rocket engine, arid as pointed out 
earlier the hybrid propellants are burned in 
engines having head-end injection of the liquid 
oxidizer (see Fig. 11-1). More recently, to 
improve the combustion efficiency of the hybrid 
rocket engine, the post-combustion chamber~ 
which is inserted between the aft-end of the 
hybrid combustion chamber and the exhaust 
nozzle—has been investigated. The arrangement 
allows a longer “ stay time” for mixing of the 
fuel and oxidizer gases, and improves the com- 
bustion process. It must be designed so that it 
introduces a negligible loss in the stagnation 
pressure (see par. 10-3.2.2). 


In general, the oxidizers used in hybrid type 
rocket engines are highly reactive chemically. 
For example, chlorine trifluoride (CTF) reacts 
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violently with many metais and organic materi- 
als (see par. 9-4.3.2). To make use of such an 
oxidizer, all metal parts exposed to it must be 
chemically clean and passivated. Passivation of a 
metal surface can be achieved by piodiucing a 
rengous and impervious fluoride coating on the 
metal surface so that the metal is never wetted 
by the liquid oxidizer. It is important that there 
be no cracks or “‘pin-holes” in the passivation 


coating. 


It is important that a thorough study be 
made for determining those metals, organic and 
inorganic material, and lubricants that will be 
compatible with the oxidizer over the required 
storage life for the hybrid type engine. 


11-7.1 PRESSURIZATION OF THE LIQUID 
OXIDIZER 


For all types of hybrid rocket engines the 
liquid oxidizer which is stored in its own supply 
tank, must be forced into the combustion region 
against the combustion pressure. The following 
pressurizing methods may be employed for 
injecting the liquid oxidizer into the combustion 
region: inert gas pressurization, chemical gas 
pressurizing, or turbopump pressurization (see 
par. 10-5). Most of the hybrid propulsion 
systems built to date use inert gas pressurization, 
but the weight of that pressurizing system is 


quite high. 
11-7.1.1 CHEMICAL GAS PRESSURIZATION 


Although chemical gas pressurization sys- 
tems for hybrid type rocket engines have re- 
ceived considerable attention, some problems 
are stili unresolved. Problems arise because it 1s 
essential that the pressurizing gas be clean and 
that it not react chemically with either the 
liquid oxidizer or the metal parts of the engine, 
including the oxidizer storage tank material. 
Most chemical gas generators use solid propel- 
lant grains having formulations which produce 
fuel-rich gases which are cool enough to prevent 
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chemical rection with the meta! parts of the 
engine. 


Solid propeliant chemical gas generators for 
producing coo! oxidizer-rich gases have received 
scant investigation. Alsc, chemical gas generators 
using liquid propellant have not been investi- 
gated extensively. In .the latter connection, no 
experiments h: ve been reported on the concept 
of pressurizing the liquid oxidizer by injecting. 
small amounts of a liquid fuel directly into the 
oxidizer storage tank. 


11-7.1.2 BLADDERS 


The possibility of using stainless steel rollup 
bladders or separating the liquid oxidizer from 
the chemical pressurizing gas has been given 
consideration. The problem of achieving effec- 
tive separation still remains unsolved. 


11-7.1.3 OXIDIZER TANK PRESSURE RE- 
QUIREMENTS 


The pressure inside the oxidizer tank must 
be raised sufficiently, by gas pressurization, to 
insure a steady flow of liquid oxidizer across the 
injector orifices. For design purposes it can be 
assumed that a pressure differential of approxi- 
mately 250 psi will be required across the 
injector orifices with either head-end injection 
(true hybrid) or afterburner injection (conven- 
tional hybrid). 


11-8 DESIGN CONSIDERATIONS  PERTI- 
NENT TO THE HEAD-END INJECTION 
HYBRID ROCKET ENGINE 


As pointed out earlier, head-end injection 
can be employed only with a true hybrid rocket 
engine, i.e., one using a solid fuel grain contain- 
ing no solid oxidizer (see Fig. 11-1). 
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11-8.1 THE COMBUSTION CHAMBER 


The design of the combustion chamber for 
housing the solid fuel grain is similar to that for 
a solid propellant rocket motor (see par. 8-7.4). 
It should be noted that the propulsive gas 
temperature T, (see Tables 11-1 and 11-2) ina 
hybrid rocket engine is usually higher than in a 
solid propellant rocket motor, and must be 
taken into consideration in designing the metal 
parts. 


Certain problems arise with regard to install- 
ing the solid fuel grain. Many of them cannot be 
cast directly into the combustion chamber but 
must be pressed, sintered or extruded to the 
required configuration, Additional design pro- 
blems may be encountered because of the 
toxicity, vapor pressure, and hygroscopicity of 
the solid fuel. It may be required, in some cases, 
that the combustion chamber be sealed and 
contain an inert dry gas under pressure to satisfy 
storage requirements. 


11-8.2 EXHAUST NOZZLE DESIGN 


The propulsive gas produced in a hybrid 
rocket engine is apt to te oxidizer-rich, and ata 
temperature of 5400° to 7200°R. Consequently, 
the materials for the exhaust nozzle must be 
selected carefully if excessive erosion of the 
throat and walls of the exhaust nozzle is to be 
avoided. Experiments indicate that it is more 
difficult to find suitable materials for hybrid 
rocket engines burning oxygen-based oxidizers 
than those buming /fluorine-based oxidizers. 
Graphite has been found to be a suitable nozzle 
material when burning fluorine-based 
oxidizers'®°. Experimental studies concerned 
with materials for use in hybrid engines and 
transpiration cooling (see par. 10-4.4.2) of the 
nozzles are presented in Reference 6. 
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11-8.3 INJECTORS FOR THE LIQUID OXI- 
DIZER 


There are little data available for guiding the 
designer of the injector for a hybrid rocket 
engine. Fig. 11-5 illustrates schematically three 
types of injectors that have been investigated 
with some degree of thoroughness: (A) the 
impinging jet, (B) the shower head, and (C) the 
vortex. The combustion efficiencies obtained 
with all or these injectors have been unsatisfac- 
tory. 


The low values of specific impulse obtained 
with the aforementioned injectors are attributed 
to the poor mixing of the fuel gases and the 
oxidizer. For the hybrid concept to be success- 
ful, the oxidizer vapors and the gases from the 
solid fuel must be thoroughly mixed. All of the 
injection schemes illustrated in Fig. 11-5 pro 
duce a central core of cool gas in the perforation 
in the solid fuel grain. Consequently, chemical 
reaction, if it occurs, is confined to a region 
exterior to the central cool gas core and is 


a ee - 


between the fuel vapors evolved from the solid 
fuel grain and the oxidizer vapor surrounding 
the core of axially flowing oxidizer stream. It 
appears that there is no large scale turbulence in 
the performation to promote adequate mixing 
of the fuel and oxidizer vapors. As a conse- 
quence, the combustion process is incomplete. 
That achieving complete combustion is a pro- 
blem, is demonstrated by the increased combus- 
tion efficiency obtained with post-combustion 
chambers (see par. 11-7). 


The problem of achieving efficient combus- 
tion with a relatively simple and reliable oxidizer 
injection system is still a major obstacle to the 
development of an efficient hybrid rocket 
engine. 


11-8.4 IGNITION OF HYBRID ROCKET EN- 
GINES 


To ignite the solid fuel component a certain 
amount of oxidizer must be close to its surface. 
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HEAD-END INJECTORS 


3 Figure 11-5. Three Types of Injectors That Have Been Utilized 
in Hybrid Rocket Engines 
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If the fuel and oxidizer are hypergolic no 
auxiliary ignition system is required. For non- 
hypergolic (also termed ergolic) hybrid propel- 
lant systems, 2uxiliary ignition schemes are, of 
course, necessary. One such scheme is based on 
~oating the solid fuel with a material which is 
hypergolic with the oxidizer, another utilizes an 
igniter for vaporizing some of the solid fuel 
before the oxidizer is introduced irt- the 
graia pe:foration (see Fig. | 1-)). 


The use of hypergolic hybrid propeliant 
systems 1}\:ars fo not only be the most reliable, 
but also yives “soft” ignition, ie., no large 
ignition pressure peaks. Moreover, hypergolic 
propellant systems make it possible to terminate 
anc restart the operation of the hybrid rocket 
engine. 


11-9 DESIGN CONSIDERATIONS PERTI- 
NENT TO THE AFTERBURN'NG (CON- 
VENTIONAL) HYBRID ROCKET 
ENGINE 


ti-9.1 GENERAL DISCUSSION 


Fig. 11-2 illustrates the essential features of 
the afte>burning hybrid rocket engine. As 
pointed out earier, this engine is not a tme 
hybrid engine but is essentially a solid prope aut 
rocket motor with an asterburner chamber 
attached te the outlet of the chamber housing 
the solid propellant grain. A liquid oxidizer is 
injected into the afierburner and reacts with the 
hst combustion gases produced by burning the 
solid propellant grain. 


The design o: the solid propellant grain and 
its combustion chamber is based on the princi- 
ples, discussed in par 8-6, apnlicable to conven- 
tional solid prepellant rocket motors. 


The main reason for the interest in the 
afterburning (conventional) hybrid engine stem- 
m-:< from the unsatisfactory combustion effi- 

yne‘cs oOotained with (true) hvbrid rocket 
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engines. The after burning hybrid engine does 
give improved combustion efficiency but at the 
expense of a larger engine weight, due to adding 
the afterburner. Experiments indicate, however, 
that conventional hybrid propellants can be 
burned with head-end injection with practically 
the same combustion efficiency as in an after- 
burnitig engine. A true hybrid propellant system 
cannot be burned in an afterbuming hybrid 
engine because a solid fuel containing no solid 
Oxidizer cannot sustain combustion in the ab- 
sence of a supply of liquid oxidizer. 


11-9.2 AFTERBURNER CHAMBER 


Refer to Fig. 11-2. The afterburner chamber 
is similar to the combustion chamber of a liquid 
propellant rocket motor, in which ine fuel is a 
gas and the oxidizer is a liquid. Insufficient data 
are available for predicting the required after- 
ourner dimensions for a given (conventional) 
hybnd propellant system. The available data 
indicate that, for the propellant systems which 
have been investigated, a characteristic length 


_ (see par. 10-3.2.1) of approximately L* = 100 is 


satisfactory. 


The afterburner chamber may or may not be 
cooled depending on the application of the 
rocket engine. Jt is difficult, however, io cool 
both the chamber and nozzle of small rocket 
engines because only the oxidizer is available for 
cooling purposes, and only relatively small 
amounts of liquid oxidizer are used to obtain 
the maximum performance of an afterburner 
hybrid rocket engine. Consequer.tly, the cooling 
problem is quite difficult, especially in view of 
the high pressures and temperatures of the 
propulsive gases used in afterburning hybrid 
rocket engines. 


lt is important to design the afterburner so 
th-t its stagnation pressure loss is small. 
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PART TWO 
AIR-BREATHING JET PROPULSION ENGINES 


CHAPTER 12 
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CLASSIFICATION AND ESSENTIAL FEATURES OF AIR-BREATHING 


JET PROPULSION ENGINES 
12-0 PRINCIPAL NOTATION FOR PART bhp brake horsepower 
TWO* 
a acoustic speed =4/7P/p, ft/sec bhp-hr brake horsepower-hour 
a° — stagnation or total acoustic speed = B_ British thermal unit 
4 f° RT®, ft/sec 
Cp specific heat at constant pressure, 
a* critical acoustic speed =af7*P*/p*, B/slug-°R 
ft/sec 
C, specific heat at constant volume, 
a, acoustic speed in free-stream = B/slug-°R 
A%oPo/Po , ft/sec : 
Cpc mean value of Cy for a compression 
A cross-sectional area, sq in, oF sq ft process 
A air-rate for a turboshaft engine, slug Cot mean value of Cy for turbine expan- 
air/shp-hr sion process 
A. cross-sectional area of entrance Cyn mean value of Cp for a nozzle expan- 
cross-section of the exhaust nozzle Sion process 
A. cross-sectional area of the exit cross- C coefficient 
section of the exhaust nozzle 
Af frontal area of engine Cy discharge coefficient of a nozzle or 
Orifice 
Am maximum cross-sectional area of an 
engine body Ch drag coefficient = D/q 
Ay cross-sectional area of the throat of a Cr thrust cocfficient for a rocket motor 
nozzle = F/P Ay 
A* cross-sectional area, for an isentropic Cre gross thrust coefficient for a ramjet 
flow, where M = 1 engine = Fo/4o4m 
Cen net thrust coefficient for a ramjet 


*Any consistent set of units may be employed: the units pre- 
sented here ace for the American I] ngineers System (see par. 1-7). 


engine = F/q, An 
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D drag, Ib F SFC 
D __ aydraulic diameter = 4R 
g 
D, additive drag for an iniet-diffuser 
Eo 
De external drag = D, + Dg 
Ds skin friction drag G 
D; ram drag=m,V,, G* 
Qe regenerator effectiveness = 
(T,, —T)AT, ~—T;) h 
Ey calorific value of fuel, ft-Ib/slug h° 
E., fate at which energy is supplied to an Ah 
engine, ft-lb/sec 
f  fuekair ratio = my/mg Ahn 
f' ideal fuel-air ratio = fing 
f friction coefficient in the Fanning Cc 
equation for pressure drop 
F thrust, Ib 4h, 
fterburning engine, Ib 
Fa thrust of an a £ engl Ahp 
F g gross thrust for a ramjet engine = F = 
m, Vj - my, Vo Ah t 
F. thrust due to the internal flow = 
Mele — MV, + (Pe — Pamb)Ae 4H. 
F; jet thrust = m,V; 
_ Isp 
E. net thrust = F, — D. | 
Fy pressure thrust =(P, — Pampb)Ae Ia 
F SFC gross thrust specific fuel consump- 
~~” tion, Ib fuel per hr per Ib gross thrust Se 
12-2 


net thrust specific fuel consumption, 
Ib fuel per hr per Ib net thrust 


acceleration due to gravity, ft/sec? 


gravitational correction factor = 
32.174 slug-ft/Ib-sec? 


flow density or mass velocity = m/A 


critical flow density, value of G 
where M = I 


static specific enthalpy, B/slug © 


stagnation or total specific enthalpy, 
B/slug 


a finite change in specific enthalpy, 
B/slug | 


increase in specific enthalpy due to 
combustion process 


increase in specific enthalpy due to a 


compression process 


decrease in specific enthalpy due to 
expansion in a nozzle, B/Ib 


heat transferred in regenerator = 


h,, B/slug 


decrease in specific enthalpy due to 
expansion in a turbine, B/Ib 


lower heating value of a liquid fuel, 
B/slug 


specific impulse = Fg./m, sec 


air specific impulse or specific thrust 
= Fg./m,, sec 


gross thrust specific impulse 








Py leaving (or exit) loss ne 
molecular weight of a gas = R,,/R a 


y 
E + AMCP 706-285 
cm: — | 
ok Js mechanicel equivalent of heat ~ 778 M, momentum of gases crossing A, 
| ! B/ft-1b : = slug-ft/sec 
; 4 . 
: a 
fF i. L__ilength M; momentum of gases inducted by 
£ a> ~~ engine, slug-ft/sec 
a L Specific output of a gas-turbine 
fF Ug powerplant or turboshaft engine, p static pressure, psia 
a shp/lb-air per sec 
7 ; | p, ambient static pressure, psia 
( L. specific output required for driving 
| air compressor Pp. _‘ Static pressure in Ag, psia 
[ k. 
Ly specific output furnished by turbine Pe static pressure in Ag, psia 
} t | | 
f 4 
| m _—smass,, slug | p° _ stagnation (or total) pressure, psia : 
m mass rate of flow, slug/sec Pstd standard static pressure = 14.7 psia 
bo ‘ 
i a m, mass rate of air induction by the p__ static pressure, psf 
; engine, slug/sec 
i Ff Pod standard static pressure = 2116 psfa 
. MF fan air flow rate for a turbofan | 
- es engine pP° stagnation (or total) pressure, psfa 
fy 
; Me mass rate of flow of gas crossing exit Pe stagnation pressure in cross-section 
: : ; cross-section of exhaust nozzle A., psfa 
" 
i, 
: ~ mg mass rate of fuel flow, slug/sec pO stagnation pressure in cross-section 
: A,, psfa 
f i 
f r my, mass rate of fuel flow to the after- : 
_ burner, siug/sec P propulsive power, energy per unit 
X time 
: Mya total fuel flow to an afterburning 
engine = my + mg » Slug/sec Pp fan power for turbofan engine 
m; mass rate of gas flow into an engine, P. jet power= FI,,/45.8, kw 
: slug/sec ; 


m 
M local Mach number = M/a Py thrust power = FV, /550, thp a : 
Bat eat ° ¢ _ F. 
M, Mach number of free-stream air Pep, Jet thrust power = FiV, /550, thp 


} 
é- 
PS 


(flight Mach nu.nber) = V, /a, 


Po.pF compsessor power for turbofan 


e . C 
Mj effective Mach number of exhaust jet Sanae 


1 2-3 
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PTF 
PUT 


Paux 


P 


Do 





jet thrust power for turbofan engine 
turbine power for turbofan engine 
power for driving engine auxiliaries 


power for overcoming parasite-loss in 
engine 


shaft power 


thrust power specific fuel consump- 
tion = g.m Pp Ib/thp 


dynamic pressure = pu? /2, psf 


dynamic pressure of free-stream air = 
2/9= 2 

pVi/2= yP My /2 | 

heat supplied to ideal burner = 

g.m,OH,, B/sec 


heat supplied to burner 
g.m,f’AH,,B/sec 


heat supplied to regenerative turbo- | 


shaft engine (par. 15-5.3.3) 

heat transferred by regenerator to 
compressed air from the hot gas = 
m,(h$, — h9), B/sec 

heat available for heat transfer in 
regenerator = Myc yg (T, - T,), B/sec 
dimensionless heat addition 
parameter (see par. 15-8.1) 
stagnation pressure ratio 

gas constant = R,,/m 


gus constant for air 


gas constant for hot gas 


universal gas constant = 49,717 
ft-1b/slug-mole°R=63.936 B/slug- 
inole °R 


hydraulic radius = (flow  area)/ 
(wetted perimeter), ft 


Reynolds number = uLo/p 
static specific entropy, B/slug-°R 


stagnation specific entropy 


entropy for a system 


surface area, or control surface, as 
specified in text 


shaft horsepower 


shaft horsepower-hour 


specific fuel consumption = mdPsh = 
2545/nyp,4H,, 1b fuel/hp-hr 


time, sec or hr, as specified in text 
thrust horsepower = FV, /550 

static temperature, °R 

static temperature of ambient air 
Static temperature in A, 

Static temperature in Ay 

standard static temperature = 519°R 


Stagnation temperature at section in- 
Cicated by subscript, °R 


Stagnation temperature of air flow 
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| BS 
: TSFC thrust specific fuel consumption = Zp compression factor for fan of turbo- ae 
| ‘ 3600 gum//F ,lb,, of fuel per hour fan engine = Of —1 (see par. 15-9.1.4) es 
j : per lb thrust . ¥ 
: — Z_ expansion factor for propulsive noz- = 
: a6 u velocity parallel to the x-axis, fps zle = 1- 6, 4 
Ue velocity of gas crossing Ae Z; expansion factor for tubine expan- ‘ 
| , sion = 1 — © ee 
: U work-ratio, Pop /Pruarb 
: “ : 
| : U overall heat transfer coefficient for GREEK LETTERS 
regencrator, B/(hr) (sq ft) (°R) 
' a cycle temperature retio = aga : 
b, V velocity, fps T/T » for a gas-turbine engine = 
T?/T, for a ramjet engine . 
‘ V. effective jet velocity, fps 
| J Cg diffuser temperature ratio = i ag VA 
; V,  free-stream velocity (flight speed), 
| i “ ai ea elocity (flight speed) i, Toro 
f . ey oe ps a 2 
i. : 
; a. CcOinpressor temperature ratio = 
Vir effective jet velocity for fan airflow TO/T 
: J MF of turbofan engine 
: - — B bypass ratio for turbofan engine = 
| ViTF mean elfective jet velocity for turbo- map/m, (see par. 15-9. 1.1) 
| fan engine 
Y specific heat ratio = Cp/¢y 
> t, ye ° 
me weight, Ib Y mean value of y for process indicated 
Ww weight rate of flow, Ib/sec by subscript 
: <) = po 
Wa weight rate of flow of air = gM,» corrected pressure = PO / Pstd 
Ib 
ha n efficiency 
weight rate of flow of fuel = ¢ .m 
ae - eos Ng air cycle efficiency = 1 — 1/0. 
W engine weight, lb 
E " . NB burner efficiency = f '/f = Q:/Q: 
z altitude, ft 
Ne is¢ntropic compressor efficiency = 
oO! 01/7 TO O 
Lo compression factor for air compres- (Ty - TAT; -T;) 
sor = O.-1 (see par, 15-3.2.2) 
Nq isentropic diffuser efficiency = 
(tT, =T))/0) = 23) 
Ls compression factor for <iffusion 
process = O4—1 (see par. | 5-3.1.3) N, mechanical efficiency of gearbox 
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Tyg = =mechanical efficiency 
"Mc | _ mechanica! efficiency of compressor 
Mt mechanical efficiency of turbine 
nN, isentropic efficiency of exhaust noz- 
zle 
N, overall efficiency - Np"th = Pr/Q: 
Ny propulsive efficiency Pap /P 
Np ideal propulsive efficiency = 
Poy/(Pyt+ Py) = 2v/(1 + v) fora turbo- 
jet engine 
"prop _— efficiency of propeller 
M% isentropic efficiency of turbine 
"%_ machine efficiency = n¢n, 
Ny, _‘ thermal efficiency 
© cycle pressure ratio parameter = 
y¥-!1 
(P3/P,) 7 
8. compressor pressure ratio parameter = 
T=t 
(P3/PO) ° 
6y diffuser pressure ratio parameter = 


y-1 


zee 


(PO /Pe) ” 


fan pressure ratio parameter for 
pau! 
turbofan engine = (P°r/P> ) 7 


©, nozzle expansion ratio parameter = 
y¥-1 
(P,/Pe) * 
0, turbine expansion ratio parameter = 
y=1 
(PPS) 7 
®¢, | compressor pressure ratio parameter 
under static conditions (V, =0) 
X dimensionless specific thrust = 
Vi (1 = v\/Co 
v effective speed ratio = V,, Vj 
P density, slug/ft? 
P, density of ambient air, slug/ft? 
0 density ratio= p/p, 
@ velocity coefficient for a nozzle = 
VM 
SUBSCRIPTS 
a air, or ambient 
A afterburning 
Bs burner or combustor 
¢ compressor, or nozz!c inlet section, 
as specified in text 
ds diffuser 
€ exit cross-section, or external to 
engine, as specified in text 
t fuel 
f friction 


+ 
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F fan 

® gas, or gearing, as specified in text 
1 internal, or internal flow 

id ideal 
j jet 


m maximum value 


nh nozzle 
o overall 
R P propulsive 
~ > 
prop propeller 
j P ideal propulsive 
R _s regenerator 
. t —_ turbine 


TF turbofan engine 


NUMBERS 


0 free-stream or ambient, as specified 
in text 


1 inlet to diffuser 


2 exit from subsonic diffuser; also inlet 
to burner for a ramjet engine (see 
Fig. 12-1), and inlet to air compzes- 
sor for a gas-turbine jet engine (see 
Fig. 1 2-2) 


2F inlet to fan of turbofan engine (see 
Fig. 1 5-29) 
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3 inlet to burner, also exit from air 
compressor (for a ramjet engine, it 
denotes exit from burner) (see Fig. 
12-1) 

3F exit from fan of turbofan engine 
4 inlet to turbine 


5 exit from turbine, also inlet to 
afterburner (see Fig. 12-4) 


6 inlet to propulsive nozzle 


6F inlet to propulsive nozzle for cold 
air-stream in a turbofan engine 


7 ‘exit from propulsive nozzle 


71F exit from propulsive nozzle for cold 
air-stream in a turbofan engine 


SUPERSCRIPTS 


state is reached by an isentropic 


process 
O stagnation value 
= mean value of variable 


* critical value where M=1 


12-1 CLASSIFICATION OF AIR-BREATHING 
PROPULSION ENGINES 


This chapter discusses the essential features 
of those air-ioreathing engines, other than piston 
engines, that are employed for propelling winged 
aircraft, helicopters and target drones. For con- 
venience the engines may be grouped into three 
main groups, as indicated in Table 12-1. 


Engines in Groups A and C are air-breathing 
jet engines and utilize several common gas 
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TABLE 12-1 


CLASSIFICATION OF AIR-BREATHING 
ENGINES 


A. PROPULSIVE DUCT ENGINES 


1. Ramjet Engine 
2. SCRAMJET Engine 


B. GAS-TURBINE POWERPLANT 
ENGINES 


1. Turboshaft Engine 
2. Turboprop Engine 


C. GAS-TURBINE JET ENGINES 


1. Turbojet Engine 
2. Turbofan Engine 
3. Turboramjet Engine 


dynamic processes in their functioning (see par. 
1-5.1). Engines in Group B are basic gas-turbine 
powerplants which are employed for driving 
helicopter rotors, aircraft propellers, and the 
like. It should ‘be noted, however, that the 
turboprop engine develops a portion of its thrust 
by jet propulsion. 


The descriptions presented of the different 
air-breathing engines are primarily for identi- 
fication purposes; more detailed technical in- 
formation pertinent to those engines are pre- 
sented in Chapters 13, 14, and 15. In all of the 
discussions of Part Two a relative coordinate 
system (see par. 2-2.1) is assumed unless it is 
specifically stated to be otherwise. 


12-1.1 PROPULSIVE DUCT ENGINES 


The propulsive duct engines considered here 
are continuous flow jet engines, and maybe 
Classified into two groups: 
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(1) Ramjet engine utilizing subsonic com- 
bustion. 


(2) Ramjet engine employing supersonic 
combustion, hereafter referred to as the 
SCRAMJET engine. 


It is possible, of course, to have combina- 
tions of gas-turbine and propulsive duct engines, 
Le., the turboramijet engine. 


Moreover, it is possible to have combinations 
of air-breathing and rocket engines such as the 
air-turbo rocket, the air-augmented rocket, etc. 


The discussions in Part Two will be limited 
to the primary air-breathing engines. 


12-1.2 THE RAMJET ENGINE 


Fig. 12-1 illustrates diagrammatically the 
essential features of the ramjet engine for 
propelling bodies at supersonic flight speeds. 
The atmospheric air inducted into the ramjet 
engine forms the so-called internal flow and the 
air flowing past the external housing of the 
engine is called the external flow. The internal 
flow is decelerated, from the flight Mach num- 
ber M,>1 to a low subsonic Mach number M, at 
the entrance to the burner, by a diffusion 
system comprising a supersonic diffuser fol- 
lowed by a subsonic diffuser (see pars. 3-4.3.2 
and 3-5). The highly compressed air flows into 
the burner with a subsonic Mach number of 
approximately M, =0.2. A liquid fuel is injectea 
into the low velocity compressed air and mixes 
with it before the fuel-air mixture enters the 
burner, wherein the flameholders are located. 
The hot combustion gases, at approximately 
T?=4000°R, are expanded in an appropriate 
exhaust nozzle and ejected to the surroundings 
with a supersonic speed; the nozzle is the 
propulsive element of the engine, the remaining 
components comprise the hot gas generator (see 
par. 1-5). | 
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a: 
i 7 GAS GENERATOR 
7 
ae COMPRESSION EATING - raat 
| é IC S PROPULSIVE 
on: DIFFUSER BPFUSER BURNER NOZZLE 
Pg 
4 wens 
OE Mo -< 
: MOTTO, . Vhs, ae ™ INTERNAL FLOW 
| XIN mers 
| : | IS A oe? 
: CONICAL. ~~~ 
| 2 SHOCK i WER —— 
NORMAL [FUEL INJECTORS FLAMEHOLDERS f 
. SHOCK f 
| : EXTERNAL 
: . HOUSING 
9) } 2 3 6 7 
' ' 
| 
I ) 
= 
i x 
: Figure 12-1. Essential Features of the Ramjet Engine 
; | 
From a purely mechanical viewpoint the waves so that only a fraction of the isen tropic 
| ranyjet engine is the simplest of all air-breathing stagnation pressure is achieved by the diffusion 
| jet engines. Although the ramjet engine can he process, and the loss in the total pressure 
designed to operate at subsonic flight speeds, the increases rapidly at values of M exceeding 
| nozzle expansion ratio P, [pe is too small to give = approximately M =2 (see par. A-1Q), 
a high thermal efficiency. 
If the ramjet engine is to operate over a wide 
The higher the flight Mach number at a given range of flight Mach numbers, a variable area 
7 altitude, the larger the cycle pressure ratio inlet and a variable area exhaust nozzle—which 
J P. [P, and the more efficient is the ramjet complicates the engine and increases its weight~ 
engine. For flight Mach numbers above approxi- are required. 
mately M ,=3, has a lower fuel consumption rate 
than any gas-turbine jet engine. It should be The materials employed for consti ucting the 
noted that the isentropic deceleration of a walls of the combustion chamber. also casled the 
supersonic free air-stream to a subsonic velocity burner, and nozzle must be protected from the 
7 is always accompanied by the formation of shock hot propulsive gas so that their temperatures do 
| 3.9 
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not exceed approximately 2200°R. For engines 
that are to propel vehicles at flight Mach 
numbers above M, =3 to 4, it becomes necessary 
to apply regenerative cooling, using the liquid 
fuel as the coolant, to the burner and nozzle 
walls. 


If the fuel is a liquid hydrocarbon, its 
cooling effectiveness is limited by the temper- 
ature at which pyrogenesis, (500°-600°F), with 
its attendant formation of coke, is initiated. The 
temperature at wnich coke formation becomes a 
serious problems limits the flight Mach number of 
the ramjet engine to approximately M=S. 
Higher flight Mach numbers than M=S5 are 
possible if the fuel flow for regenerative cooling 
exceeds that required for stoichiometric com- 
bustion, and the excess fuel may be “dumped 
overboard’ which is wasteful. It may be pos- 
sible, however, to use special coolants having 
superior heat transfer characteristics, film or 
transpiration cooling, or a nonhydrocarbon fuel. 
These solutions to the cooling problem need 
further study. 


If a satisfactory solution to the cooling 
problem can be developed or a nonhydrocarbon 
fuel-like liquid hydrogen-can be used, the 
operating flight regime of the ramjet portion of 
a turboramjet engine could be extended. 


When T° exceeds approximately 4000°R, 
there may be significant dissociation of the 
combustion products and the result of injecting 
more fuel may cause further dissociation in- 
stead of an increase in TO. At flight Mach 


numbers exceeding approximately M, = 4, 


the stagnation pressure recovery of the diffusion 
sysiem decreases rapidly due to strong shocks, 
and the static temperature and pressure of the 
air entering the burner become too high for 
obtaining a satisfactory ramjet engine. The static 
temperature can become so high that no heat 
release can be achieved in the burner. 
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The basic disadvantage of the ramjet engine, 
and this also applies to the SCRAMJET engine, 
is that the nozzle pressure ratio PO /P, depends 
entirely upon the flight Mach number and the 
performance of the diffusion system. Conse- 
quently, a ramjet engine cannot develop static 


— cee ee 


thrust. It must be boosted to a flight Mach num- 
ber which will make it self-operating by some ex- 
ternal means, e.g., a rocket booster engine. 


At this time there are no Army missiles 
employing ramjet engine propulsion, but a 
supersonic target drone utilizing ramjet engines 
is under development. 


12-1.3 THE SCRAMJET ENGINE 


The difficulties which limit the operating 
flight Mach number of the ramjet engine arise 
primarily from the necessity of decelerating the 
inducted air to approximately M,= 0.2 at the 
entrance to the burser so that satisfactory 
combustion of the fuel can be achieved in a 
subsonic stream of air. The obvious solution is 
to burn the incoming air without decelerating it 
to a low subsonic speed. If that can be achieved 
the static air temperatures and pressures 
throughout the engine will be considerably 
below those for a conventional ramjet engine 
opeating at the same flight Mach number. As a 
result, the cooling problern is less severe. More- 
over, since the Mach numbers would be super- 
sonic throughout the engine; its inlet geometry, 
and possibly that of the exhaust nozzle, may be 
simplified. It appears, therefore, that by de- 
veloping the technology of the supersonic com- 
bustion ramjet termed the SCRAMJET engine, 
the high flight Mach number limitations of 
air-breathing propulsion could be raised 
markedly, thus enhancing the possibility of 
achieving hypersonic aircraft flight with air- 
breathing engines. 


The possibilities of the SCRAMJET engine 
has been investigated for approximately ten 
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years, and the scope and research programs 
pertinent to that type of engine have been 
gieatly increased in the past four years. Most of 
the research has been conducted using liquid 
hydrogen as the fuel but other possible fuels are 
being considezed. Several disficult problems have 
to be solved before a practical SCRAMSET 
engine can be developed*. 


12-2 GAS-TURBINE JET ENGINES 


Brief descriptions of the essential features of 
the different gas-turbine jet engines will now be 
presented (see Table 12-1). 


] 2-2.1 THE TURBOJET ENGINE 


It was pointed out in par. 12-1.1 that the 
propulsive duct engines (the ramjet and SCRAM- 
JET engines) suffer from the disadvantage that 
they cannot develop a static or takeoff thrust, at 
zero flight speed. When V, =0, no air flows 
through the propulsive duct and the thrust F is 
zero. A gas-turbine engine overcomes the above 
deficiency by installing a mechanical compressor 
between the inlet diffuser and the burner sys- 
tem, so that air is inducted into the engine at all 
flight speeds, including V=9%. Fig. 12-2 u- 
lustrates diagrammatically the general arrange- 
ment of the components of a turbojet engine. It 
is seen from the figure that the gas generator 
comprises the following components: an air 
intake and diffuser, a mechanical air compressor 
(axial or radial flow), a gas-turbine which drives 
the air compressor, and a burner or combustion 
system. 


If a subsonic flight Mach number is assumed, 
the ai: inducted into the engine is partially 
compressed in the subsonic intake-diffuser and 
then further compressed in the air compressor. 
The high pressure air is then heated by burning a 
liquid fuel with it in the burner system, the 
stagnation temperature of the gas entering the 
turbine TO is limited by metallurgical con- 
siderations. For uncooled blades the turbine 
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inlet temperature for cruise of modem com- 
mercial aircraft is limited to approximately 
1960°R; the combustion in the burners occurs 
at sensibly constant pressure. The high tempera- 
ture gas expands in the turbine which develops 
just enough power to drive the air compressor 
and the pertinent auxiliaries. The gas leaves the 
turbine with a static pressure higher than that of 
the surrounding atmosphere and at a tempera- 
ture ranging from 1360° to 1800°R, depending 
upon the operating condition. The turbine ex- 
haust gases are then discharged to the atmos- 
phere through a suitably shaped nozzle; current 
turbojet engines operate with compressor prés- 
sure ratios ranging between 5 and 1& to 1. 


Like the ramjet engine, the turbojet engine 1s 
a continuous flow engine. Although it does not 
depend upon the ram pressure of the inducted 
air fox functioning, the effectiveness with which 
the ram pressure is recovered in the diffuser has 
a significant influence upon its fuel consump- 
tion. A 20 percent loss in rain pressure recovery 
increases the fuel consumption per pound of 
thrus: by approximately 10 percent. 


The turbojet engine is eminently suited for 
propelling aircraft at flight Mach number ranging 
from M, =0.65 to M, =3 to 4. As the flight 
Mach number is increased from M = 0.9 the ram 
pressure increases rapidly and when M, is 
between 3 and 4, the characteristics of the 
turbojet merge into those for the ramjet, i-e., the 
optimum compressor pressure ratio P> /P, 
approaches unity. 


Turbojet engines which do not have to 
develop thrusts exceeding approximately 7,00Q 
lb may employ radial (also called centnfugal) air 
compressors. By far the majority of modem 
turbojet engines employ axial flow compressors. 


12-2.2 THE AFTERBURNING TURBOJET 
ENGINE 


Several methods have been investigated for 
augmenting the thrust of the turbojet engine. 
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Figure 12-2. Essential Features oi the Turbojet Engine 
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The most common tethod is termed either 
“afterburning’’ or ‘‘post-combustion’’. In an 
afterburning engine the hot gas generator, as 
illustrated schematically in Fig. 12-3, compnses 
the following components: (1) an inlet diffuser, 
(2) an axial flow compressor, (3) a burner or 
combustor, (4) an axial flow turbine for driving 
the air compressor, and (5) a tailpipe equipped 
with an afterburner. 


In an afterburning engine the area of the 
exhaust nozzle must be variable. 


Because of the low fuel-to-air ratio (approx- 
imately 1/50) utilized in the primary burner of a 


D-DIFFUSER (SUBSONIC) 


C-AIR COMPRESSOR 


B-BURNERS OR COMBUSTOR 


T-TURBINE 


AB-AF TERBURNER 
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turbojet engine, the gas exhausted from thre 
turbine contains a large amount of oxygen, so 
that additional fuel can be burned in the tailpipe 
section between the turbine and the entrance to 
the exhaust nozzle. Due to the additional fuel 
burned in the afterburner, the temperature of 
the gas entering the exhaust nozzle TO can be 
as high as approximately 4000°R. As a result the 
jet velocity and, consequently, the thrust of 
engines operated at turbine inlet temperatures of 
approximately 1800°F can be increased approxi- 
mately 50 percent above that for the corre- 
sponding turbojet engine. Increasing the turbine 
inlet temperature reduces the percentage in- 
crease obtainable by afterburning. 


FUEL 


FUEL 


TO NOZZLE 


Figure 12-3. Components of Gas Generator for an Afterburning Turbojet Engine 
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If the afterburning engine is to propel 
aircraft at supersonis speeds, a diffusion system 
similar to that for the ramjet engine (see Fig. 
12-1) must precede the air compressor. 


Fig. 12-4. illustrates schematcally the 
arrangement of the cozaponents for an after- 
burning turbojet engine for propelling an aircraft 
at supersonic speeds. 


]2-2.3 THE TURBOFAN ENGINE 


Fig. 12-5 uwlustrates diagrammatically the 
essential features of an afterburning turbofan 
engine. It differs from the afterburning turbojet 
engine by the addition of a fan which com- 
presses a stream of cold air which flows through 





a duct surrounding the hot gas generator. 
Because of the additional power required for 
driving the fan, a larger turbine is required. 


If the afterburner is omitted, then the engine 
in Fig. 12-5 becomes a turbofan engine. Further- 
more, if fuel is burned in the duct surrounding 
the gas generator then the engine is called a 
duct-burning turbofan engine. 


To obtain satisfactory performance from a 
gas-turbine jet engine, it is essential that its 
~omponents (compressor and turbine) of the hoi 
gas generator have high isentropic efficiencies. In 
addition the burner must operate with a high 
burner efficiency np, a low total pressure loss, 
have a small frontal area, and be light in weight. 


GAS GENERATOR 





TURBINE 
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SHOCK a 
COMPRESSOR 
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O | 2 3 4 5 6a 7 
Figure 12-4. Arrangement of the Components of an Afterburning Turbojet Engine 
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Figure 12-5. Essential Features of a Turbofan Engine 
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The gas leaving the hot gas generator of a 
turbofan engine — which is onerated with the same 
turbine inlet temperature as its equivalent turbo- 
set engine—hasa lower temperature than that 
leaving the hot gas generator of the equivalent 
turbojet engine. The reduction in the hot gas 
temperature is due to the turbine extracting 
additional energy, required for driving the fan, 
irom the hot gas flowing through it. Most of the 
aforementioned additional energy is impz:ted to 
the cold air which is by-passed around the hot 
gas generator. The average velocity for the gases 
ejected from the turbofan engine is smaller than 
that for the equivalent turbojet engine. 


12-2.4 THE TURBORAMJET OR DUAL- 
CYCLE ENGINE 


The turboramjet engine, also called a dual- 
cycle engine, combines the components of the 
two engine types in such a fashion that the 
entire flight regime from take-off (M, = 9) to 
cruise, at approximately M, = 4, is accomplished 
in a single engine. The turbojet operates from 
M, = 0 until at a predetermined value of M, the 
engine is then switched to ramjet operation. The 
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engine utilizes a common inlet-diffuser system, 
tailpipe equipped with an afterburner, and ex- 
haust nozzle for buth the turbojet and ramjet 
Operations. An air-value switches the air flowing 
from the diffuser so that it by-passes the 
turbo-compressor set and primary burners, and 
flows directly into the tailpipe. The feasibility of 
such an engine was demonstrated more than a 
decade ago, but its flight characteristics have not 
been determined. 


12-2.5 THE TURBOSHAFT ENGINE 


Fig. 12-6 illustrates diagrammatically twe 
arrangements of the components of a turboshaft 
engine which is an open cycle gas-turbine power- 
plant!. The simplest configuration is that illus- 
trated in Fig. 12-6(A), where a single air 
compressor and turbine assembly drives the load 
—such asa helicopter roter— through a gearbox 
G. The arrangement illustrated in Fig. 12-6(A) is 
termed a fixed-shaft turboshaft engine. The 
arrangement illustrated in Fig. 12-6(B) is a dual 
turbine configuration termed a free-turbine 
turboshaft engine. 


mM C-AIR COMPRESSOR. 
B-BURNERS. 
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Figure 12-6. Essential Features of a Turboshaft Engine 


ap 
‘ 1 . " ro 
| 
BBs, fee wh ewer ete ae oat 
e 
, 
i 
' 
' 
: 
, 
r 
1 
i] 
' 
| 
! 
| 
1 
a 
| 
) 
f 
c 
: 
' 
; 
; 
‘4 
; 
> eo 
) 
, 
' 
¢ 
| 
: 
: 
3 
> 
$ 
. 
| 
| 
; 
' 
| 
' 
| 
! 
' 
, 
) 
ee ee 





V8. eR Ber 8k eR J I Ls Ded y lho ERE 


— om. > 
a i 


“Sa PME eS li dO he 


2 a, Oe Os: Ser a ore = | 


= 101 yy =e Oo ‘me feet! 





ms 


Ge em 





F 
f 
t. 
: 


“ PF 


In Fig. 12-6(B) compressor (C) and a high 
pressure turbine (HPT) are direct connected 
with a hollow shaft, and a free low pressure 
turbine (LPT), also called the power-turbine, 
drives the :oad through the reduction gearbox G. 
The shaft connecting the power-turbine and the 
load passes through the hollow shaft connecting 
the air compressor (C) and the (HPT). The 
power-turbine has ‘‘torque _ converter’ 
characteristics, so no clutch is required between 
the load an the turboshaft engine. Because the 
free-turbine configuration has the flexibility for 
satisfying a wide range of performance require- 
ments, it is the favored configuration for 
modern helicopter turboshaft engines. 


An altangenient similar to that shown in Fig. 
] 2-6(B) can be employed where the air compres- 
sion is accomplished by two air compressors in 
series; a low pressure compressor (LPC) 
followed by a high pressure compressor (HPC). 
In such an engine, the power turbine (LPT) 
drives the (LPC) in addition to the load'. The 
air compression is, therefore, accomplished by 
two air conipressors which rotate independently 
of each other because they are driven by 
separate turbines. Such an engine is termed a 
two-spool turboshaft engine. 


The air compression system for a turboshaft 
engine usually has a pressure ratio PS /P2 in the 
range 6 to 1 to 13 to 1. It may connpprise a single 
axial flow compressor, an axial flow compressor 
followed by a radial compressor stage, or a 
twin-spool axial flow compressor, etc. 


In a turboshaft engine the turbines are 
designed so that the gas leaving the engine (at 
Station 6) is cjected with the lowest practical 
velocity. The object is to keep the kinetic energy 
associated with the ejected gas, termed the exit 
loss as small as possible because it does not 
contnbute any significant thrust. 
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Modem turboshaft engines in the 3000 to 
3500 shp class have ratios shaft horsepower-to- 
engine weight of approximately 5.0, and operate 
with a SFC of approximately 0.50 1b fuel/hp-hr. 


1 2-2.6 THE TURBOPROP ENGINE 


Fig. 12-7 ilustrates diagrammatically the 
essential elements of a turboprop engine, which 
is a turboshafi engine driving an aircraft propel- 
ler. In its essential features these engines are 
quite similar to the turbojet engine (see Fig. 
12-2), the major difference being that the 
turbines of the turboshaft and turboprop en- 
gines are designed to produce shaft power. The 
turboprop engine differs from the turboshaft 
engine in that in addition to developing shaft 
power for driving an aircraft prapeller it also 
delivers some jet thrust (see par. 2-2). In some 
turboprop engines a separate power turbine is 
employed for driving the propeller, as explained 
in par. 12-2.5. 


The turboprop engine is well adapted to 
propelling aircraft in the moderate speed range 
(300-375 knots). To achieve a satisfactory SFC 
(Ib fuel/hp-hr) the engine components must have 
high efficiencies. The turbine inlet stagnation 
temperature T2 must be as high as possible so 
that a large value of thrust-to-weight ratio can be 
realized. 


The proportioning of the total thrust of a 
turbojet engine into propeller thrust and jet 
thrust is determined by the application of the 
engine. It is estimated that the jet thrust 
practically compensates for the nacelle drag and 
the propeller losses. Consequently, the shaft 
horsepower obtained from a turboprop engine 
installed in an aircraft is substantially equal to the 
net thrust horsepower (thp) available for pro- 
pelling the airplane. 


The horsepower rating of a turboprop engine 
must be based on the power required for 
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Figure !2-7. Essential Features of a Turboprop Engine 


propelling the airplane at a constant flight speed 


V, at the design altitude. Consequently, at 
lower altitudes the specific power output of the 
engine increases, and there is considerable excess 
shp, and hence propeller thrust, available at sea 
level for accelerating the aircraft. A turboprop 
engine has, therefore, excellent take-off char- 
acteristics. 


Regenerative turboshaft engines are dis- 
cussed in Chapter 15S. 


i2-3 GENERAL THRUST EQUATIONS FOR 
AIR-BREATHING ENGINES 


Equations for the thrust developed by an 
air-breathing jet eigine can be obtained by 
applying the momentum equation of fluid 
mechanics to a control surface, fixed in space, 
enclosing a stationary jet (propulsion) engine. 
Emplwuying a relative coordinate system, a gen- 
eral equation can be derived for the thrust 
produced by the propellant stream flowing 


through an engine, i.e., the thrust produced by 


the infernal flow. The external flow is assumed 
to be thermodynamically reversible and, because 
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of that assumption, the air velocity V, and the 
ambient static pressure P, are constant over the 
entire control surface, except over the exit area 
of the exhaust nozzle A, (see par. 2-2.1). 


]2-3.1 GENERAL THRUST EQUATIONS 


For a single propellant stream, the thrust F— 
which acts in the opposite direction to the 
relative exit velocity u,—is given by Eq. 2-28, 
which is repeated here for convenience. Thus 


F =m,u, —m,V, +(P.—P,) Ag (12-1) 


If the exit velocity u, is supersonic, the 
Static pressure P, can be different from the 
ambient static pressure P,. In Eq. 12-1 


MoU, is called the jer thrust 


m_V, is called the ram drag 


(P, — P,)Ae iscalled the pressure thrust 
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It is convenient to eliminate the pressure 
thrust term (P, —P,)Ae from Eq. 12-1 by intro- 
ducing 2 fictitious velocity V; termed the effec- 
tive jet velocity. Hence, one may write 


F = m,V; ~m,V, (12-2) 


Eqs. 12-1 or 12-2 are applicable to each 
propellant stream flowing through an_ air- 
breathing iet engine. 


In the special case where the propulsive gas 
(assumed to be thermally and calorically per- 
fect) flowing through the exhaust nozzle is 
expanded completely, so that P,= P,» then 


Vj =u,. Thus (see pars. 4-3 and 4-5) 


Vj = bnv2(he —h,)= on, FRTe2, (12-3) 


where 
(12-4) 


where 


h, = static specific enthalpy of the propul- 
sive gas in the exit cross-section of the 
exhaust nozzle Aq, B/slug 


he =stagnation specific enthalpy of the 
propulsive gas in the inlet cross-section 


of the exhaust nozzle Ao: B/slug 


R = gas constant = 1545/m, ft-lb°R 


<2? m = molecular weight of propulsive gas 


Te? = stagnation temperature of the propul- 
sive gas at the inlet cruss-section of the 
exhaust nozzle, °R 
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_= Cy/cy = specific heat ratio 
P~ = stagnation pressure in Ay 


P.. = static pressure in A, 


Eq. 12-3 shows that the exit velocity of the 
propulsive jet depends upon the following 
parameters: 


l. The expansion ratio for the exhaust 
nozzle, P./PS 


2. The stagnation temperature of the gas 
entering the exhaust nozzle, T? 


3. The molecular weight of the propellant 
gas, m=R,,/1545 


4. The specific heat ratio of the gus, 7 


5. The velocity coefficient for the exhaust 
nozzle, bn 


For a simple turbojet engine (see Fig. 12-2) 
the stagnation temperature of the gus entering 
the exhaust nozzle, T?, will range from 900°F 
to 1300°F depending upon the design of the 
engine. In the case of an afterburning turbojet 
engine, (see Fig. 12-3) T? can be as high as 
approximately 3600°F. 


12-3.2 GENERAL THRUST EQUATIONS IN 
TERMS OF FUEL-AIR RATIO 


Air-breathing engines induct atmospheric air 
at the mass rate of flow m, and burn a fuel, 
usually a hydrocarbon liquid, in the air at the 
rate me 


Let 


m, = m, = the mass rate of air flow into the 
engine 
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and 
Mig = m, + my = the mass rate of gas flow 
leaving engine 


By definition 


and 
v=V, IV; = the effective speed ratio (12-6) 


Combining Eqs. 12-2, 12-5, and 12-6 one 
obtains the followin~ general equation for the 
thrust produced by ai air-breathing engine: 


= mV, (+7 = (12-7) 


Eq. 12-7 is the general equation for the 
thrust F of an air-breathing jet engine. For 


chemical engines f= m,/ma70: for nuclear heat- 
transfer engines f = O. 


For given values of m,, f, and V,, the thrust 
increases as the effective jet velocity Vi=V,, lv 
increases, i.e., as more energy is added to the aur. 
Because of structural and thermodynamic con- 
siderations, however, the effective jet velocity V; 
is limited by the maximum amount of energy 
that can be added to the inducted air. Conse- 
quently, there is a definite limit to the thru,t 
obtainable per unit mass flow of air through an 
air-breathing jet engine. 


12-4 THRUST EQUATIONS FOR SPECIFIC 
AIR-BREATHING ENGINES 


Tne general thrust equations presented in 
the preceding paragraphs will now be applied to 
specific types of air-breathing enganes. 
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12-4.1 THRUST EQUATIONS AND COEFFI- 
CIENTS FOR THE RAMJET ENGINE 


Refer to Fig. 12-1. The thrust produced by 
the internal flow of the ramjet engine is termed 
the gross thrust and is denoted by F,,. The fuel 
fiow for such an engine can be large enough for 
the fuel-air ratio to have a value of approxi- 
mately f= 0.08. Hence, the gross-thrust of the 
ramjet engine is given by Eq. 12-7 which 1s 
repeated here for convenience. 


Thus 


F, = gross thrust = mV, (4 — 


If D cenotes the total drag force acting on 
the ramjet engine, the net thrust, denoted by 
F, is defined by 


F, =F, —D (12-8) 


In discussions of the performance character- 
istics of a ramjet engine, two thrus? coefficients 
are employed: 


Je Cr, - the gross thrust coefficient, and 
2. Cry - the net thrust coefficient 


Ii A,, denotes the maximum cross-sectional 
area of a ramjet engine body, then by definition 


F, 
. 5 Po VoAm 


and 
F.-D 
Cr, = ——_. (1 2-10) 
29 VoAm 
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where p, is the density of the atmospheric air in 
slug/ft3. 


124.2 THRUST EQUATION FOR SIMPLE 
TURBOJET ENGINE 


Refer to Fig. 12-2. The current and antici- 
pated limitations on the turbine inlet stagnation 
temperature T? of turbojet engines to be 
developed in the next decade are such that the 
fuel flow rate m; will not exceed approximately 
3 percent of the inducted air flow rate mg. It 
can be assumed that the air bled from the 
compressor for cooling the bearings and disk will 
be approximately 0.03 Ma, Hence, 


mam, — Ms, 


and 
m, =M,+*+ mM; — Mego) ~ My 


Hence, for a simple turbojet engine, the thrust 
due to the internal flow is 


F = m,(Vj — V,) (12-11) 


J 

The mass rate of air flow m, is determined 

by the demands of the turbojet engine and not 

the relative velocity V, of the atmospheric air to 

the turbojet engine. Only for a simple propulsive 

duct enclosing no flow-controlling devices— such 

as compressors, bumers, etc. — is m, dependent 
only on Vo: 


= m,V; (1 —v) 


Eq. 12-11 shows that —for constantvalues of 
the jet velocity V; and air mass flow rate m—the 
thrust F increases as the flight speed decreases, 
i.e., as the speed ratio v= V,, /V; is decreased, An 
important characteristic of a gaseturbine jet 
engine is that it 1s capable of providing thrust at 
zero and low flight speeds. As indicated in 
earlier paragraphs, a basic disadvantage of pro- 
nulsive duct jet engines arises from the fact that 
their cycle pressure ratios are entirely dependent 
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upon the flight speed and the efficiency of the 
diffusion processes. They cannot accelerate a 
vehic:e from standstill. 


The fuel flow rate m, for a turbojet engine 
depends upon the required turbine inlet temper- 
ature (T? in Figs. 12-2 and 12-3). Currently, 
the maximum permissible turbine inlet temper- 
ature is limited by metallurgical considerations, 
assuming uncooled stator vanes and rotating 
blades, to approximately 1800°F. If higher 
turbine inlet temperatures are required, the 
turbine must be codled. Currently, assuming no 
cooling of the turbine, the permissible turbine 
inlet temperature for cruising flight is approxi- 
mately 1500°F. 


Fig. 12-8 illustrates the historical trends in 
the maximum allowable temperatures for tur- 
bine disk, blade, and vane materials®. It is 
evident from the figure that even the most 
modern materials uncooled are inadequate for 
operation at the required turbine inlet tempera- 
ture, approximately 2300°F, for a Mach 3 
supersonic transport®. The utilization of such a 
high turbine inlet temperature in the case of the 
turbojet engine of a Mach 3 SST, combined with 
the high reliability and the durability so essential 
to commercial aircraft engines, are the major 
problems to be solved in developing a satis- 
factory turbojet engine for such an_ aircraft. 
Undoubtedly, the advances in cooled turbine 
technology will contribute to the development 
of such an engine. 


124.3 THRUST EQUATION FOR AFTER- 
BURNING TURBOJET ENGINE 


Refer to Fig. 12-4. For a simple turbojet 
engine, my is the fuel consumption rate for the 
primary burners. For the afterburning engine 
additional fuel is burned in the afterburner at 
the rate of M ry. The total fuel rate for an 
afterbuming engine is, therefore, the sum my + 


Mf = Map: 
] 2-21 
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! : Turbine Disk, Blade, and Vane Materials 2 
: For a simple turbojet engine the thrust where a 
equation is (see Fig. 12-2) a 
T? = stagnation temperature of propulsive - 
=m, (u, — V,) +(P, -P - A, gas entering the exhaust nozzle with no 
| afterburning 7 
| =F, —m,V (12-12) 
; J a 0 ” ; . 
: 3 dG = stagnation temperature of propulsive 
3 4 | For the afterburning jet engine the thrust Bas entering the exhaust nozzle with a 
: | due to the internal flow is denoted by F,>F, af terburning 4 
and is given b z 
| 3 7 : 124.4 THRUST EQUATION FOR TURBO- | ‘- 
| ; F, = (m, + my + my, ) Via — mV, FAN ENGINE " 
: aad Fi, —m.V (12-13) Refer to Fig. 12-5. The internal flow of the : i 
J = turbofan engine comprises two gaseous propel- 
( lant streams; a hot gas stream leaving the hot gas 


: The ratio F A/F is termed the augmented 


thrust ratio. {t can be shown that! generator end a cold air stream flowing through 


the bypass duct, The thrust produced by the 


| VT? ITO —»p engine is the sum of the thrusts produced liy the 
| Fa e \ A (12-14) hot and cold gas streams. It can be shown that 
F aa the thrust developed by a turbofan engine can 
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be calculated by means of the following equa- 
tion: 


F= (my + m,) V; _ m,V, 


where 


m,, = the mass rate of flow of air through 
the hot gas generator, slug/sec 


m,p= the mass rate of flow of cold air 
through the bypass duct, slug/sec 


Vj = the effective jet velocity obtained by 
expanding the hot gas stream to 
ambient pressure, fps 


ViF = the effective jet velocity obtained by 
expanding the bypassed cold air to 
the ambient pressure, fps. 


It is readily sliown that the mean effective 
jet velocity Viyp for a turbofan engine is given 
by 

(1+f) 


where B= m,p-/m, = the bypass ratio 


ViTF = (12-16) 


Increasing the turbine inlet temperature af- 
fects only the te:mperature of the air flowing 
through the hot gas generator. Consequently, 
the thrust increase achieved by raising the 
turbine inlet temperature is small, and decreases 
as the bypass ratio @ is raised (see par. 15-10.4). 


For the same flight speed V, and turbine 
inlet temperature ior comparable turbofan and 
turbojet engines, one may write 


FrpeX< Frye: YjTF <ViTJE: 
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where TFE and TJE refer to turbofen and 


‘turbojet engines, respectively. 


Increasing the bypass ratio — whie holding 
the hot gas generator conditions constant — 
reduces the mean jet velocity ViTF of the 
turbofan engine, which increases its propulsive 
efficiency (see par. 12-5). 


12-5 EFFICIENCY DEFINITIONS 


The performance of an air-breathing iet 
engine is expressed in terms of the efficiencies 
presented in par. 2-5.5. 


12-5.1 PROPULSIVE EFFICIENCY (Np) 


By definition, in general, the propulsive 
efficiency is defined by (see par. 2-4) 


thrust power (P 
n = __uust power OT) (12-18) 
P propulsive power (P) 


(a) Propeller efficiency (“prop) 


If Py, denotes the shaftpower delivered to 
propeller, and F prop the propeller thrust, then 


F prop” o 


Pop (12-19) 


“prop ~ 


(b) Ideal propulsive efficiency of a jet pro- 
pulsion engine (7p) 


From par. 2-5.6, for an air-breathing jet 
engine 


1) = 
Lt+p 


p (12-20) 


where pv = V, IV; 
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12-5.2 THERMAL EFFICIENCY (nj) 


For air-breathing jet engines, the therrnal 
efficiency np is defined by 


power supplied to propulsive 
element (E,) 


“th” “fate of energy consumption 
in form of fuel (E,,,) 


(12-21) 


If OH, denotes the lower calorific value of 
the fuel ana my the rate of fuel consumption, 
then 


Eig = nH, (12-22) 


and 


E,= + [(m, + mp) V? - m,V2] (12-23) 
(a) Air-breathing jet engine 


Nn = slid ied (12-24) 
2fOH. 

(b) Turboshaft engine 

Let Poh denote the power output of a 


turboshaft engine; its thermal efficiency is given 
by 


Tn = Psh/ (mpAH,) (12-25) 


(c) Turboprop engine 
The total thrust power developed by a 
turboprop engine, denoted by Pr, is given by 


] 2-24 


where 


Pyp = the thrust power developed by the pro- 
peller 


Pr; = FV; = thrust power of the jet 


Hence, for a turboprop engine 


_ Pr! ("propty ) * Pty (12-27) 
“th” m AH, 


where Noro is the propeller efficiency, and Ne is 
the efficiency of the reduction gearbox. 


12-5.3 OVERALL EFFICIENCY (1, ) 


Neither the thermal efficiency ny, nor the 
propulsive efficiency 7, whe, considered alone, 
is a Significant criterion of engine nerformance, 
The significant criterion is the overall efficiency 
No because it determines the thrust specific fuel 
consumption (TSFC) of the propulsion system. 
By definition the overall efficiency 7, is given 
by 


FV 
= = = V 
No" Tth"p” AH, "th Tey 1228) 


12-$.3.1 THRUST SPECIFIC FUEL CON- 
SUMPTION (TSFC) 


The thrust specific fuel consumption —in lb 
fuel per hr per Ib thrust — is given by 


TSFC = 3600 m/8,/F (12-29) 


12-5.3.2 SPECIFIC FUEL CONSUMPTION 
(SFC) 


For turboshaft engines, Py, denotes the 
shaft horsepower and the specific fuel con- 


sumption — in lb fuel per hp hr — is given by 


SFC = 3600 myg./Psp (12-30) 
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Typical values of TSFC for turbojet and The propulsive efficiency of the turbofan 
turbofan engines are as follows: : engine can be raised by increasing the bypass 
ratio. When the bypass ratio 8 is increased above 5 
Engine Type TSFC (ib/hr-lb) 8=3 the rotational speed required for an s 
. efficient lightweight turbine for driving the é 
Burporct (y=) eee yee larger fan becomes incompatible with the re- . 
Turbofan (V = 0 and 8 = 2.0) 0.5 to 0.6 quired peripheral speed for the fan that yields : 


the optimum fan efficiency. If the bypass ratio 
is to be increased to between 4 and 5, it may 
become necessary to install a reduction gear if 
the optimum combination of overall efficiency 
No and engine weight Wr ls to be obtained. 


Fig. 12-9 illustrates the increase, since 1945, 
in the overall efficiency cf gas-turbine jet en- 
gines for propelling aircraft at subsonic speeds. 
The following is evident from the figure: 

a _ The increase in thrust Ap, due to adding a 

(a) The gain in overall efficiency (from fan to a basic turbojet engine, isobtained at the , 
16.07% to 21%) during the period 1945. penseof increased nacelle drag ADy because of 
to 1960 was due mainly to increasing the the Jarger diameter of the resulting turbofan 


cycle pressure ratio of the turbojet en- engine. Hence, the optimum bypass ratio is the c 
Bre: one which maximizes the gain in net thrust, i.e., 
(AF — AD). 
(b) The large gain in overall efficiency (from 
21% to 25%) since 1960 was due to the Fig. 12-10 compares the TSFC’s for rocket 
introduction of the turbofanengine with — engines and air-breathing engines as functions of 
its high propulsive efficiency. the flight Mach number M,. 
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Figure 12-9. Increase in Overall Efficiency of Gas-Tui. ine Jet Engines Since 1945 
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12-6 PERFORMANCE PARAMETERS FOR 
4IR-BREATHING JET ENGINES 


The performance parameters for ‘et propuk 
sion engines are discussed in par. 2-5, in a 
general manner, but with specific emphasis on 
rocket engines. In this paragraph the parameters 
are discussed with reference to air Dreathing 
engines. 


There. is no single criterion for comparing 
jet propulsion engines because the mission for 
the propelled vehicle has almost a decisive 
influence upon the performance characteristics 
desired for the propulsion engine. 


12-6.1 AIR SPECIFIC IMPULSE OR SPECIFIC 
THRUST (L,) 


This parameter is the net thrust developed 
per pound of air flowing through an ailr- 
breathing engine, and is defined by Eq. 2-42 
which is repeated here for convenience. Thus 


i, = Fg/m, (12-31) 


The air specific impulse is a criterion of the 
physical size of the engine. A large value of 
specific thrust is desirable. For some aircraft 
applications a large specific thrust I, is as 
important as a high overall efficiency 7,. 


In Eq. 12-31, m, is the mass rate of flow of 
atmospheric ais into the engine, For a turbojet 
engine m,=m,; for a turbofan engine 


mM, = Ma, + MoF- 


The specific thrust depends primanly upon 
the nozzle inlet stagnation temperature T? and 


“\ 

. be the nozzle pressure ratio Py /P,. If the nozzle 
inlet temperature can be increased, then a given 
thrust can be developed with a smaller mass rate 

a’ of flow of air, thus making it possible to reduce 

Ed the frontal area of the engine. 

Re > 
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The nozzle inlet temperature can, of course, 
be raised by employing an afterburner. Esti- 
mates indicate that the specific weight Wp/F , of 
an afterburning turbojet engine will be approxi 
mately 80% of its nonafterburning counterpart; 
F, is the thrust developed when V, =0. The 
reduction is specific engine weight is obtained, 
however, at the expense of a large increase in 
TSFC. Consequently, the net advantage of em- 
ploying an afterburning engine for achieving a 
given mission can be determined only from an 
asialysis which compares the flight performance 
and ranges for the same aircraft with after- 
burning and nonafterburning engines. 


Another approach to raising nozzle inlet 
temperature is to cool the turbine vanes and 
blades, and increase the turbine inlet temper- 
ature TO. Considerable research effort is being 


devoted to developing the technology pertinent — 


to cooled turbines. A cooled turbine offers the 
additional advantage that its dimensions for a 
given thrust would be smaller than for its 
uncooled counterpart. 


12-6.2 FUEL SPECIFIC IMPULSE (1,,) 


By definition 


Fg. 3600 


sp” Tap TSEC pian 


where the fuel flow rate my is in slug/sec. 
12-6.3 SPECIFIC ENGINE WEIGHT (Wz/F, ) 


The specific engine weight has a direct effect 
on the weight of fuel plus payload that can be 
carried in an airplane of gross weight W,: A 
small specific weight is, of course, desirable. 
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The principal factors which affect the blades and disk must be cooled with air bled 


specific engine weight are the following: from the air compressor. It is essential that the 
‘bleed’ air flowing through the turbine blades 
(1) Pressure. ratio of the compressor does not cause an appreciable degradation of the 


isentropic efficiency of the turbine. 


|) Mr meg er: ar 


(2) Air induction capacity of the inlet 
A thermodynamic study of the application 


"AHP 0 


(3) Frontal area of the engine of gas-turbine jet engines to a Mach 3 transport 
: indicates that the required ratios of static thrust 
: (4) Length of the engine F, to engine weight Wp range from 9.3 to 11.3 
! for turbine inlet ternperatures ranging from 
t (5) Turbine inlet temperature T? because it 2300°F to 2500°F. Some idea of the current 
: determines the nozzle inlet temperature ‘state of the art” may be inferred from the GE 
] T, YJ93 afterburning tui bojet engine for the Mach 
3 XB70 aircraft (USAF). Its thrust-to-weight 
é (6) Allowable stresses for the materialsused —satio is S. : 

| in constructing the components of the 

: engine 12-7 GENERAL CGMMENTS REGARDING 

| : AIR-BREATHING ENGINES 

3 : A low specific engine weight Wp/F, is _ 

| ' probably the most important characteristic for Because of their low TSFC’s air-breathing 
an engine for propelling a supersonic transport. engines are the optimum propulsion engines for 

4 1 In general, the specific engine weight can be vehicles which cruise in the atmos»here. 

a reduced by 

! : For accelerating trajectories—such as satel- 

; (1) Increasing the turbine inlet temperature. lite launchers and sounding rockets-—the after- 

} hurning jet engine is currently penalized by its 
r — (2) Improving the aerodynamic and poor specific weight characteristics and low top 


mechanical design of the engine. speed limit. If the technology pertinent to the 
SCRAMJET engine can be developed, the useful 
(3) Developing improved materials for operating range of air-breathing jet engines may 
engine components. be increased thereby making them suitable for 
accelerating trajectories. 
12-6.4 TURBINE [NLET TEMPERATURE 
| (T?) In the years immediately ahead, the air- 
| breathing jet engines which are needed for 
Current technology limits the turbine inlet missions requiring high values of overall effi- 
emperature at takeoff to approximately ciency will achieve these objectives by increases 
1800°F, with uncooled blades, and to 21Q0°F in, first, the propulsive efficiency, and second, 
LO with cooled blades. The corresponding temper- _ the thermal efficiency. The increases in propul- 
! | ature for cruise with uncooled blades is 1590°F. — sve _ efficiency will be accomplished by  in- 
i Thermodynamic analyses indicate that for a creasing the bypass ratios of turbofan engines to 
| | Mach 3 transport the optimum turbine inlet values between 3 and 8. 
temperature for cruise is between 2300°F and 
2500°F depending upon the cycle pressure® . To . The future will see efforts to achieve signifi- 
achieve those high temperatures, the turbine cant reductions in the specific powerplant 
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8 lO l2 


CYCLE PRESSURE RATIO P./P> 


Figure } 2-11(A). Specific Output Characteristics As a Function of Cycle Pressures 


weight of turbojet and turbofan engines by 
increasing the turbine inlet temperatures by 
applying cooling techniques to the turbine, and 
improvements in aerodynamic design of the 
rotating machinery. 


The air-breathing je engines for supersonic 
aircraft must have a good balance between the 
operating requirements for subsonic and super- 
sonic flight. Consequently, they must have low 


specific weight and efficient components so that 
a high overall efficiency will be realized over the 
subsonic and supersonic flight regimes. Con- 
siderable research and development are required 
for accomplishing these objectives. 


Finally, to extend the flight range of the 
air-breathing engines into the hypersonic regime, 
it is necessary that the technology pertinent to 
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CYCLE PRESSURE RATIO pas 


Figure 12-11(B). Specific Fuel Consumption Characteristics As a Function of 
Cycle Pressures 


the SCRAMJET be greatly expanded, so that the 
hypersonic flight with air-breathing engines can 
become a reality. 

The turbine inlet te:nperature TO has a 
profound influence upon the specific output 
(see Fig. 12-11(A))—hp per Ib of air per sec~of 
turboshaft and turboprop engines. Research and 
development for increasing the turbine inlet 
temperatures of these engines are highly desir- 
able for increased specific output and for SFC 
reduction for regenerative engines as shown in 
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2 ewe ee ee SCO; 


Fig. 12-11(B). An increase in T, results in a 
signifigant reduction in SFC for a non- 
regenerative engine (see Fig. | 2-11(B)). Further- 
more, higher pressure ratio engines are also 
desirable. Higher turbine inlet temperatures 
combined with higher pressure ratios for the 
engine cycle not only reduce the SFC but 
decrease its sensitivity to decreased loads, a 
desirable characteristic for an engine which must 
furnish shaftpower over a wide range of power 
levels, as in helicopter missions. 
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CHAPTER 13 


COMPRESSIBLE FLOW IN DIFFUSERS 


13-1 INTRODUCTION 


The efficient diffusion (flow compression) 
of the air entering an air-breathing engine is 
essential to the efficient functioning of all 
air-breathing engines, whether they propel vehi- 
cles at either subsonic or supersonic speeds. For 
a ramjet engine, for example, the combustion 
process requires that M, ~ 0.2 (see Fig. 12-1), 
and for a gas-turbine engine satisfactory perfor- 
mance of the axial flow compressor requires that 
M, <0.4 (see Fig. 12-2). Hence, since the air 
intake duct for either type of engine acts as a 
subsonic diffuser, it must be designed so that it 
will decelerate the entering air in an efficient 
manner, i.e., it should operate with a minimum 
stagnation-pressure loss. Furthermore, the flow 
over the external surfaces of the air intake 
should produce the minimum possible external 
drag and the flow leaving the intake-diffuser 
system should be uniform; a distorted velocity 
pattern at the inlet of the air compressor can 
seriously affect its aerodynamic performance. 


If the velocity of the free-stream air relative 
to the intake is supersonic (assuming a relative 
coordinate system), the diffusion problem is 
complicated by the formation of shock waves at 
the inlet (Station 1, Figs. 12-1 and 12-2). 


Diffusion, also called flow compression, ap- 
pears at first blush to be merely the reverse of 
nozzle flow (see Chapter 4). It is considerably 
more difficult, however, to achieve an efficient 
diffusion — since the flow moves in the direction 
of a positive pressure gradient — than it is fora 
flow expansion where the flow has a negative 
pressure gradient. The difference is due to the 


difference in the behavior of the boundary layer 
in the two types of flow?. 


The boundary layer is characterized by being 
a thin layer of fluid adjacent to a solid surface, 
and in that layer the velocity increases from zero 
at the surface to practically the main stream 
velocity in a very short distance perpendicular to 
the surface, called the boundary layer thickness; 
1e., the velocity gradient in the boundary layer 
is large. The variation in the velocity of the fluid 
in the boundary layer is due to viscous drag. If 
the static pressure of the fluid increases in the 
flow direction, as in a diffusion process, the rate 
of deceleration of the fluid in the boundary due 
to the viscous forces exceeds that for the main 
stream outside of the boundaiy, where there is 
no friction. Consequently, the fluid inside the 
boundary comes to rest while the main stream 
of fluid has a considerable amount of kinetic 
energy associated with it. As a result, with 
further diffusion of the main stream a pressure 
force is exerted on the stagnant boundary layer 
— in the direction upposite to that of the main 
flow — that causes flow separation with its 
attendant large energy dissipation. An expansion 
process, as in a nozzle, cn the other hand adds 
energy to the boundary layer thereby tending to 
keep it stable. 


A flow passage which converts kinetic en- 
ergy associated with a subsonic gas flow (M < 1) 
into a Static pressure rise will be termed a 
subsonic diffuser, and one for decelerating a 
supersonic gas flow (M> 1) to approximately 
the local acoustic speed (M = 1), will be called a 
supersonic diffuser. If a vehicle is propelled at a 
supersonic speed by either a ramjet or turbojet 
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engine, the complete diffusion of the free air 
stream from M, > 1 is achieved in two steps: (1) 
a supersonic diffusion to M, ~1, and (2) 
followed by a subsonic diffusion from M, * 1 
toM, <1 (see Figs. 12-1 and 12-2). 


Intake-diffusers may be classified into two 
main groups: (1) subsonic intake-diffusers, and 
(2) supersonic diffusers. The principal require- 
ments imposed on the intake-diffusers for air- 
breathing engines are that they convert kinetic 
energy into static pressure rise with high effi- 
ciency; and that the exterior flow over their ex- 
ternal surfaces produces the smallest possible 
drag; and the flow leaving the diffuser should be 
substantially uniform. - 


13-2 SUBSONIC INTAKE-DIFFUSERS . 


All gas-turbine jet engines for propelling 
aircraft at subsonic flight speeds are equipped 
with subsonic intake-diffuser systems. n such an 
intake-diffuser the captured air is subsonic 
throughout its flow path. In general, the flow 
compression of the air inducted by the engine 
involves two steps: (1) an external compression 
of the free-stream upstream to the intake 
(Station 1, Fig. 12-1), and (2) a compression of 
the air flowing in the duct connecting Stations | 
and 2; see Fig. 12-1. Subsonic diffusers may be 
grouped into two basic types: 


(1) ExternakCompression Subsonic Dif- 
fusers 


(2) Internal-Compression Subsonic Diffusers 


13-21 SUBSONIC EXTERNAL-COMPRESSION 
DIFFUSERS 


Fig. 13-1 illustrates schematically a subsonic 
external-compression diffuser; for simplicity it is 
assumed to be of circular ci s-section. Its 
general appearance is a constant area duct witha 
contoured intake lip. Because the interna! flow 


13-2 


passage has a constarit area, all of the diffusion 
of the entering air (the internal flow) takes place 
upstream to the inlet (Station 1). The flow 
streamtube entering the intake has*ihe capture 
area A, far removed from A,, where P,, =P 
and its cross-section increases to A, >A, at the 
inlet. All of the transformation of the kinetic 
energy of the air into pressure rise takes place 
external to the inlet where there are no solid 
service, hence the external diffusion is isentropic 
(ds = 0). 


Because the capture area A, < A,, some of 
the flowing air is deflected as it approaches the 
inlet and is accelerated as it flows over the 


. diffuser lip, the flow is said to “spill over’’ the 


inlet. Because of the increased local Mach 
number due to its acceleraticn, the “‘spille@”’ 
flow causes external drag. It is important that the 
local Mach number in the vicinity of the lip be 


less than unity to avoid the formation of shock 


waves with their attendant large external drag. 
Consequently, the type of diffuser illustrated in 
Fig. 13-1 is not satisfactory in the high subsonic 
speed range. 


There is no satisfactory way for designing a 
subsonic external-compression diffuser; the cur- 
rent theory is quite similar to the airfoil theory 
employed in analyzing incompressible flow. 


13-2.1.1 STATIC TEMPERATURE RAIS 
FOR AN EXTERNAL. 
COMPRESSION DIFFUSER 


If the subscript O denotes the free stream 
and the subscript 1 the inlet cross-section (Fig. 
12-1) then, because the flow is isoenergetic, it 
follows from Eq. A-109 that 


(13-1) 
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Figure 13-1. Subsonic Inlet With Solely External Compression 


13-2.1.2 STATIC PRESSURE RATIO FOR AN 
EXTERNAL-COMPRESSION  DIF- 
FUSER 


Because the free-stream flow in the region 
QI (see Fig. 13-1) may be assumed to be 
isentropic, the relationships presented in par. 
A-6 are applicable to that flow. Hence, the static 
pressure ratio P, rf P,» is given by 


es {7r\ 7! 
st 2 (*) (13-2) 


There is, of course, no loss in stagnation 
pressure between Stations 0 and }. 


Ordinarily the subsonic intake-diffuser of a 
gas-turbine jet engine accomplishes only a small 
portion of the total compression of the atmos- 
pheric air by external diffusion, the balance of 
the static pressure rise is achieved by internal 
compression in duct 1-2 (see Fig. 12-2). 


13-2.2 SUBSONIC INTERNAL-COMPRESSION 
DIFFUSERS 


Subsonic internal-compression diffusers are 
used in all air-breathing engines. It is accom- 
plished in the duct i-2 connecting the intake 
cross-section A, and the burner, in a ramjet 
engine (see Fig. [2-1), and in the duct }-2 
connecting A, and the compressor inlet cross- 
Section, in a gas-turbine engine (see Fig. 12-2), 
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It was pointed out in Chapter 3, that for a 
one-dimensional isentropic flow the flow area 
change dA/A, the static pressure change 4dP/P, 
and the flow Mach number M are related by Eq. 
A-156, which is repeated here for convenience. 


Thus 
i _,\ @ 
M2 P 


Although Eq. 13-3 applies strictly speaking 
to an isentropic flow (ds=0), it can be em- 
ployed for obtaining qualitative information 
regarding an adiabatic flow (ds #0). The equa- 
tion shows that ared ratio A, /A, for a duct 
which is to diffuse an isentropic flow must 
exceed unity, i.e., the flow streamlines must 


(13-3) 


SUBSONIC 


diverge. Hence, « subsonic internal-compression 
diffuser is a diverging duct such as that illus- 
trated schematically in Fig. 13-2. 


Internal-compression subsonic diffusers have 
received extensive study but, due to the lack of 
an adequate theory, their design is largely 
empirical. 


It is apparent from the discussion of the 
effect of the boundary layer in par. 13-1 that, to 
prevent the energy losses in an_ internal- 
compression diffuser from becoming excessive, 
the positive pressure gradient dP/dx should be 
kept small; i.e., the area increase in the direction 
of flow should be gradual. If the pressure 
gradient is to be kept small, then the length of 
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Figure 13-2. Subsonic Internal-Compression Diffuser 
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the diffuser for accomplishing a specified reduc- 
tion in the flow Mach number may become so 
large that the losses in stagnation pressure due to 
wall (skin) friction may be excessive. For a 
conical internal-compression diffuser, the maxi- 
mum semiangle of the divergence to avoid flow 
separation phenomena is between S° and 7° for 
a substantially incompressible flow (M,< 0.4) 
and decreases approximately as (1—M?) for 
higher subsonic Mach numbers*. Due to the 
restrictions on the available space and weight, it 
is rarely possible to utilize such small divergence 
angles. Consequently, the design of a subsonic 
internal-compression diffuser is usually a com- 
promise between stagnation pressure recovery 
and allowable length. 


13-3 PERFORMANCE CRITERIA FOR DIF- 
FUSERS 


The performance of a diffuser may be 
expressed by several different criteria and, if 
confusion is to be avoided, the bases for defining 
the different performance criteria should be 
clearly understood. Three of those criteria will 
be discussed! :?. 


13-3.1 ISENTROPIC(ADIABATIC) DIFFUSER 
EFFICIENCY (nq) 


Refer to Fig. 13-3. The isentropic efficiency 
Nq Of a diffusion is given by 


h? ae h, je T° 

Nq= ae eo ae (13-4) 
ho = hy T; -T, 

where 


TO’ = the stagnation temperature corresponding 
to a fictitious isentropic diffusion from P,, 
to the actual stagnation pressure P? 


TO = the total temperature in the free-stream 


me't, t + (71) " 
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In terms of the diffuser pressure ratio 
Pp? /P, , the isentropic diffuser efficiency is given 


by 
La 
Wa-~ Row (13-5) 
7-1 2 
eae 
where 
-1 
po\ 
2a: (F) ey (13-6) 
0 


From Eq. 13-5 one obtains the following 
equation for the diffuser pressure ratio P> |P,. 
Thus 


Y 
po Y~1 
2 y—1 
— = 1 + te 2 


13-3.2 STAGNATION (OR TOTAL) PRES- 
SURE RATIO (rp) 


(13-7) 


By definition the stagnation or total pressure 
ratio is given by 


rp =P? /Po (13-8) 


The stagnation pressure ratio rp is finding 
increasing favor as a criterion of diffuser per- 
formance for supersonic diffusers and for the 
overall performance of a supersonic diffuser 
followed by a subsonic internal-compression 
diffuser, as in a ramjet engine (see Fig. 12-1). 


_ The stagnation pressure ratio rp and the isen- 


tropic diffuser efficiency ng are related by ! 


: (T°/ T) 2rd 


Mg = (Se 
2 0 


(13-9) 
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(13-10) 13-3.3 ENERGY EFFICIENCY OF DIFFUSER 
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The energy efficiency "yf is based on 
comparing the kinetic energy which would be 








= 
mgs Uwe ree nor eee tag M 


—, 
NSE eS OE | ee ew ce “were re 


ia i Ea ie ele ae oe A oa ~ Te ier ae 
Pv’ eps ae rd 


Pi FT WAGON CoH UTD RISE Ge § 


le PINE AN Fe WH eT es wt Rypeeer ys weeperpes | 





Vw ATA IFW FP GFE 


~ —e~—er 


obtained by expanding the diffused air isen- 
tropically from state 2 (see Fig. 13-3) to the 
Static pressure P., with that obtainabic by 
expanding the air from the initial stagnation 
pressure P? to the initial static pressure Pe: 
Hence 


—i{ 


P 
,_{-2) > 
P, 
MKE= Py (13-12) 
1-(2 VF 
PS 
By suitable transformations! :2 
——D 13-13) 
Ripe ee 
RE (y--1)M3 ( 
where 
—1 
POL 
ZpD“\p) —' (13-14) 
z 


For gases with y = 1.40, Eq. 13-14 reduces 
to 


_ 5 
np al - (in) Zp (13-15) 


13-4 SUPERSONIC INLET-DIFFUSERS 


All air-breathing engines which propel vehi- 
cles at supersonic speeds, except the SCRAM- 
JET engine (see par. 12-1.1.2), require that the 
air flow leaving the inlet have subsonic velocity. 
The design of an efficient supersonic intake is 
critical because neither the external nor internal 
compression of a supersonic air stream can be 
isentropic due to the formation of shock waves 
(see par. A-!0.2.1). The shock waves are 
accompanied by an increase in the entropy of 
the flowing air and hence by energy dissipation. 
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One of the problems in designing a supersonic 
diffuser is to produce a shock wave pattern 
which will not cause too large an increase in the 
entropy of the air. It should be pointed out that 
in addition to desiring the smallest possible 
decrease in stagnation pressure (see par. 
A-5.2.4), the supersonic diffusion should be 
accomplished with a minimum of externa] drag. 
In most cases those two requirements are con- 
flicting, hence a practical design is usually a 
compromise. Furthermore, the inlet must be 
capable of operating stably over a range of 
angies of attack and at conditions other than the 
design point with stability, and without serious 
adverse effects upon either the stagnation pres- 
sure recovery or the external drag. 


13-4.1.1 NORMAL SHOCK DIFFUSER 


From the equations for a normal shock (see 
par. A-10.3) it is seen that for low supersonic 
flight Mach numbers a normal shock will give 
subsonic flow without an excessive loss in 
stagnation pressure (see par. A-10.3.3). Refer to 
Fig. 13-4. The maximum Static pre-sure recovery 
is attained when the normal shock 1. uttached to 
the inlet; this condition corresponds to the 
design point. When operating at the design 
point, the capiure area A, for the.streamtube of 
air entering the diffuser has its largest value, and 
A, =A,. Since V, =M,a,, the mass rate of air 


o“o? 
induction, at the design point, is 


M, =M,A, N YP Po 


The flow leaving the shock is subsonic and is 
further compressed in the subsonic internal- 
compression diffuser downstream from the 
shock. 


(13-16) 


If the engine requires a smaller mass rate of 
air flow than m, (Eq. 13-16) -—due to an 
increase in back pressure — the excess must be 
spilled-over the lips (leading edges) of the 
diffuser. To accomplish the spill-over of air. the 
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NORMAL SHOCK 
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Figure 13-4. Design and Off-Design Operation of the Normal Shock Diffuser 


normal shock detaches from the diffuser lips, as 
illustrated in Fig. 13-4(B), and a bow wave 
forms upstream from the intake. One may 
assume that the portion of the bow wave 
immediately in front of the inlet is a normal 
shock, and the conditions in front of and behind 
the bow wuve may be computed by means of 
the equations for a normal shock (see par. 
A-10.3.3). 


If the back pressure in the outlet section of 
the diffuser is decreased, the air flow rate into 
the diffuser increases and the shock wave is swal- 


lowed, i.e., the shock locates itself inside the 
diffuser. 
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13-4.1.2 RAM PRESSURE RATIO FOR A 
NORMAL SHOCK DIFFUSER 


The ram pressure ratio for the type of 
normal shock diffuser illustrated in Fig. 13-3 is 
definea as the ratio of the stagnation pressure 
P® (Station 2) to the static pressure of the 
free-stream air P,- Let ng be the insentropic 
efficiency of the subsonic internal-compression 
diffuser (1-2), then from Eq. 13-7 


Y 


] 7-1 
= [reg (54) 0] 


(13-17) 
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Hence, the ram pressure ratio PD /P, is given by 


y 


y¥—~1 
2Y 2 y~1 4 
pci me -1) eng(ts 5 3) 


P. \ytt/ 2y ae 
Ee Ms = i x51 


The values of P? /P, obtained from Eq. 
13-18 are larger than those obtainabije with an 
actual normal shock diffuser because of bound- 
ary layer effects and wall friction®. 


0 


(13-18) 


The normal shock diffuser is suitable for 
supersonic Mach numbers less than M, * 1.85. 
When M,, > 1.85, the ram pressure ratio P> /P, 
decreases rapidly from that for the correspond- 
ing isentropic diffusion (see Eq. A-112). 


13-4.2 THE REVERSED DE LAVAL NOZZLE 
SUPERSONIC DIFFUSER 


It would be natural to expect that reversing 
the flow of air through a_ converging-diverging 
nozzle, a device for obtaining large supersonic 
exhaust velocities with high efficiency (see par. 
4-5.1), would achieve an efficient supersonic 
internal compression of the reversed supersonic 
aur flow. Unfortunately, it is practically impos- 
sible to achieve shockless diffusion with such a 
device due to the interactions of the boundary 
layer and the positive pressure gradient. Further- 
more, the presence of shock waves in the 
converging-diverging passage causes a large in- 
crease in the entropy of the airso that the main 
Stream flow is no longer isentropic. Even if it 
were possible to design a converging-diverging 
flow passage to achieve a substantially isentropic 
diffusion at the design puint, its poor off-design 
Operating characteristics would make’ it im- 
practical'’’?. Afixed-geometry converging- 
diverging passage having an inlet area A, anda 
throat area A; could give isentropic diffusion 


meres —— = = © owe = ee? ee ee oe 7 0 oe en eee ee eee 


3 


: BPE oat qed: 


-2 7 ee “AZ 


AMCP 706-285 


because of its fixed contraction ratio A, /A, at 
only one operating point, namely the design 
point. Furthermore, the starting of such a 
diffuser, as explained in References 1 and 2, 
presents a critical problem. 


13-4.3 EXTERNAL COMPRESSION SUPER- 
SONIC DIFFUSERS 


It was pointed out by K. Ostwatitsch that 
the !2rge decrease in stagnation pressure behind 
a normal shock could be reduced by decelerating 
the free-stream air by means of one or more 
Oblique shocks, followed by a weak normal 
shock’. By the employment of this principle, an 
efficient external compression of the air is 
achievable before the air flows into a subsonic 
internal-compression diffuser (see par. 13-2.2). 


Fig. 13-5 ulustrates schematically the essen- 
tial features of a conical shock supersonic 
diffuser employing the aforementioned external 
compression principle. A central body, or 
conical spike, is placed inside an efficient sub- 
sonic internal-compyession diffuser, so that the 
system is axisymmetrical. The conical nose 
protrudes through the inlet section of the 
subsonic diffuser into the free-stream. 


When a supersonic flow impinges upon the 
cone, a conical shock is produced (see par. 
A-12), as illustrated in Fig. 13-5. The com- 
pressed air leaving the conical shock then enters 
the subsonic internal-compression diffuser 
through the annular opening formed between 
the surface of the central body and the housing 
of the subsonic diffuser. Theoretically, a weak 
normal shock BB is formed at the lip of the sub- 
sonic diffuser, and the air enters that diffuser 
with a subsonic velocity. 


it is evident from Fig. 13-5 that the conical 
central body deflects the supersonic airstream 
from its initial flow direction so that the weak 
normal shock is perpendicular to the direction 
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Figure 13-5. Schematic Diagram of a Conical Shock (Ostwatitsch type) Supersonic Diffuser 


of the stream-lines at the inlet to the subsonic 
diffuser, and not to the direction of the free- 
Stream air. The supersonic diffusion is accom- 
plished externally before the air enters the 
subsonic diffuser, and the capture area A, for 
the streamtube entering the diffuser hus a radius. 
assuming circular cross-section throughout, 
equal to that of the inlet to subsonic diffuser 
passage. The annular flow area for the internal 
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fl. v is smaller the A,: the external compression 


achieved by the conical shock is, therefore, quite 
strong. 


The position of the normal shock with 
respect to the inlet has a profound influence 
upon the performance of the diffusion system. 
If the normal shock occurs near the throat of a 
converping-diverging section downstream from 


= > 


rewsuae nami PAE 


a B 


ee 


Set ~ ey led te om + te, OF tee) 


lL ey we 





TT TW op ope yn 


PET ST TNT Per em ge ee 





Be. Kees Hee a CH TTS ge RECESS FL Bie copie | el aaa 
te COR Ug NE Rages FR Ree Re Ie eT OB agin” Geo Meee “alee 


the inlet section, the problem of unstable 
operation encountered with a _ converging- 
diverging internal-compression diffuser is also 
encountered with a spike-type diffuser. 


To eliminate the aforementioned instability 
problem, A. Ferri developed an inlet design 
employing a conical central body but the 
housing of the subsonic diffuser is designed so 
that the annular flow passage beyond the inlet 
forms an entirely diverging flow channel! °. 


If there is a change in the back pressure of 
the outlet of the diffusion system, due to either 
increasing fuel flow rate to the engine or 
decreasing the exit area of the exhaust nozzle, 
the normal shock may be forced out in front of 
the diffuser lips with the result that air will 
“spill” over the diffuser lips. As a result there 
will be an alteration of the flow pattern entering 
the subsonic diffuser. There is also a distortion 
of the conical shock wave pattern. 


134.4 OPERATING MODES FOR EXTER- 
NAL SHOCK DIFFUSERS 


There are three distinct operating conditions 
under which the supersonic diffusion system for 
an air-breathing engine can operate. Refer to 
Fig. 13-6. 


13-4.4.1 CRITICAL OPERATION 


When the normal shock is positioned at the 
diffuser lip, as illustrated in Fig. 13-6(A), the 
Operations is said to be critical, and that 
condition usually: corresponds to the design 
point operation. 


13-4.4.2 SUPERCRITICAL OPERATION 


This type of operation is illustrated in Fig. 
13-6(B). It occurs when the exit pressure P,, in 
the subsonic internal-compression diffuser, is 
too low for keeping the no:inal shock at the lip 
of the inlet. Consequently, the air flows into the 
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subsonic diffuser when a supersonic speed, and 
the excess energy is dissipated by the formation 
of a strong shock wave in the diverging portion 
of the subsonic diffuser. 


13-4.4.3 SUBCRITICAL OPERATION 


If the exit pressure from the subsonic 
diffuser r exceeds the static pressure which can 
be accomplished by the diffusion system, the 
normal shock is expelled from the diffuser and 
moves upstream toward the vertex of the conical 
center body, as illustrated in rig. 13-6C). 
Behind the normal sheck the flow is subsonic 
and, because the normal shock is detached from 
the intake lips, there is spillover of the incoming 
air over the diffuser cowling, thus the external 


drag is increased. 


In general, the position of the normal shock 
with reference to the inlet and the amount of 
spillover air fo. the diffusion system of an 
air-breathing engine depends upon the flight 
Mach number, the fuel-air ratic, the combustion 
efficiency, and the area of the nozzle exit 
cross-section Ag. 


13-5 DIFFUSER PERFORMANCE CHARAC- 
TERISTICS AND DESIGN CONSIDERA- 
TIONS 


Up to this point the maximum recovery of 
stagnation pressure, at zero angle of attack, has 
been emphasized as a performance criterion. 
Inlet diffusers for air-breathing jet engines must, 
however, give satisfactory performance over the 
anticipated range of angles of attack. Experience 
has demonstrated that the conical spike type of 
diffuser (see par. 13-4.3) has satisfactory charac- 
teristics with regard to variations in the angle of 
attack. Ordinarily, a decrease of 20 percent in 
stagnation pressure recovery results at an angle 
of attack of S°. 
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Figure 13-6. Thiéc Principal Operating Modes for Siipersonic External Compression Diffusers 


Another factor to be considered is the 
external drag of the diffusion system. A conical- 
spike diffuser introduces a drag component 
known as additive drag which arises from the 
pressure forces acting on the streamtube AABB; 
these give rise to a net force acting in the flight 
direction in the relative coordinate system. By 
positioning the conical shock at the lip of the 
inlet the additive drag may be eliminated with 
Only a small decrease in the stagnation pressure 
recovery. the longer the distance between the 


-conica] shock wave and the inlet lip, the larger 


the additive drag. 


It is not possible, if the diffuser has a fixed 
geometry, for the conical shock to be at the 
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diffuser lip under all operating conditions. For 
this reason, some diffusers have a movable 
central body for varying the area of the inlet so 
that the conical shock is always positioned at 
the diffuser lip. 


In general, high pressure recoveries with a 
conical-spike diffuser are accompanied by large 
external drag, and vice versa. In addition to the 
additive drag, the external drag is high because 
the large cowling angles employed may induce 
flow separation on the exterior housing. By 
careful aerodynamic design, however, the exter- 
nal drag may be kept at tolerable values. 
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Larger stagnation pressure recoveries are 
obtainable if several successive weak shocks are 
utilized for decelerating the air instead of one or 
two relatively strong conical shocks. To increase 
the number of shocks, several ‘breaks’ are made 
on the projecting cone, as illustrated schemat- 
ically in Fig. 13-7. In the extreme case the spike 
configuration should be a curved surface giving 
an infinite number of infinitely weak shocks, 
i.e., Mach waves (see par. A-10.1). In theory, 
such a surface would achieve shockless decelera- 
tion of a supersonic flow to a sonic velocity, L.e., 
the compression would be isentropic. A spike of 
this cunpguration is termed an isentropic spike. 
Unfortunately, an isentropic spike is satisfactory 
for only one flight Mach number and Is sensitive 
to changes in the angle of attack. Furthermore, 
at high flight Mach numbers the flow has to be 
turned through large angles to enter the subsonic 
internal-compression diffuser, which can in- 
crease the additive drag to prohibitive values and 
may also affect the pattern of the flow into the 
subsonic difruser. 


In general, the losses encountered with a 
conical-spike diffuser system may be grouped 
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into two classes: (1) those pertinent to the 
external shock compression in the supersonic 
inlet,’ and (2) losses due to wall friction and 
separation phenomena in the subsonic internal- 
compression diffuser. It is desirable for the 
norma! shock in front of the inlet to be weak, in 
order to reduce the tendency for the flow to 
separate as it flows in the direction of a positive 
pressure gradient, in the subsonic diffuser. 


It appears that a conical-spike diffuser for 
air-breathing engines for propelling vehicles at 
Mach numbers up to M, = 2.0 need have only a 
single conical shock. For flight Mach numbers 
above M,= 2.0, two or more conical shocks may 
be needed for achieving the desired stagnation 
pressure recovery. Increasing the number of 
conical shocks makes the diffusion system more 
sensitive to changes in the flight Mach number 
and in the angle of attack. It appears that two 
conical shocks are sufficient for a design flight 
Mach number of approximately M, = 2.75. 


Fig. 13-8 presents the total pressure recovery 
ratio P)/PO as a function of the free-stream 
Mach number M, for several types of superso: tic 
diffusers! . 


NORMAL SHOCK 
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Figure 13-7. Multiple Conical Sheck Supersonic Diffusion System 
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Figure 13-8. Total and Static Pressure Ratios As a Function of the Free-Stream Mach 
Number for Supersonic Diffusers With Different Numbers of Shocks 
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141 INTRODUCTION 


The essential features of the propulsive duct 
engines, the ramjet and SCRAMJET engines, are 
presented in par. 12-1, and the thrust equations 
for the ramjet engine together with the pertinent 
thrust coefficients are presented in par. 12-4. 
The purpose of this chapter is to discuss some of 
the performance parameters of propulsive duct 
engines and their performance characteristics. 


Fig. 14-1 illustrates the essential features of 
a ramjet engine for propelling a vehicle at 
supersonic flight speeds. 


14-2 THRUST DEVELOPED BY A PROPUL- 
SIVE DUCT ENGINE 


Fig. 14-2 illustrates schematically a rotation- 
ally symmetrical duct which 1s stationary in a 
supersonic flow of air. Assume that no heat is 
added to the imternal flow, that a relative 
coordinate system is employed, and that the 
flow is One-dimensional and steady (see Chapter 
3). 


14-2.1 COLD FLOW THROUGH SHAPED 
DUCT 


Because of external and internal compres- 
sion of the air between Stations O and 2, the 
static pressure ae > P,. If no provision is made 
in designing the duct for supporting the in- 
creased static pressure achieved by diffusion, the 
Static pressure P,, of the internal flow will 
rapidly decreasc to P, as the air flows through 
the duct and no gross thrust will be deveioped. 
However, if provisions are incorporated inside 
the duct that enable maintaining a higher pres- 
Sure inside the duct than the external pressure 
acting on the external surfaces of the duct, and 


if an area is provided upon which the internal 
pressure can act in the duection of u, > then a 
net axial forward force will be produced, 1.e., a 
thrust F will be produced. 
Thus 
- 
F= | (P; —P,) dS (14-1) 
i 


where 
P; = internal static pressure 
P, = external (atmospheric) static pressure 


S = surface wetted by the air flow 


14-2.2 METHODS FOR SUPPORTING A 
STATIC PRESSURE HIGHER THAN 
THE EXTERNAL STATIC PRESSURE 
INSIDE A DUCT 


There are basically two methods for support- 
ing a static pressure P, >P, inside a duct 
through which there is a flow of atmosphenic air. 


1. Restricting the exit area so_ that 
A, >A,. 


2. Heat addition to the flowing air. 
14-2.2.1 RESTRICTION OF THE EXIT AREA 
Fig. 14-3 illustrates schematically the effect 


of reducing the exit area A, for a duct passing a 
cold flow of air. 


14-1 
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Figure 14-1. Schematic Arrangement of an Axially Symmetric Ramjet Engine for Supersonic Flight 
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Figure 14-2. Flow of Cold Air Through a Shaped Duct 


Fig. 14-3(A) illustrates the condition where UL =a* = critical acoustic speed (ste par. 
the exit area of the duct has no restriction, anda A-6.1.1). The stagnation pressure at Station 6, 
static pressure in the duct higher than the  P®, is such that 
extemal static pressure cannot be supported. 


a lo? 


Let some form of nozzle be installed be- 
tween Stations 6 and 7, so that A, <A,, as 
illustrated in Fig. 14-3(B). Assume that the air 
approaches the duct with a free-stream Mach 
number M, > 1.0, and that a normal shock is 1 
formed in the entrance section A, . Suppose now ( ) 


RY es ees ; 
= = critical expansion ratio 


if) 


08 | 


From Eq. A-141 


= 


that the exit area A, is reduced gradually, all — = 
other conditions remaining unaltered, and that P pe 
the flow downstream from the normal shock 1s 
isentropte. For air, y = 1.4, and PO /P, ~ 1.8. 


S = (142) 


Decreasing A, causes the static pressure If A, is decreased further so that 
inside the duct to increase until the area A, <A* — illustrated in Fig. 143(C) — the 
A, =A*= the critical area (see pat. A-6.3). pressures P and P, increase, M, remains 
When that condition is attained M, = l,and constant at the value M. = 1.0 (see par. 4-3.3), 
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the duct operates with choked flow, and the 
expansion of the air from P, > P, to P, takes 
place in the surroundings beyond A,. 


When choking occurs, a detached bow shock 
wave 1s formed upstream from the inlet section 
A, and air is “spilled over’’ the lips of the inlet. 
Further reductions in A, cause the detached 
shock to move further and further upstream and 
the amount of air “spilled over’’ the inlet lips is 
increased, accordingly. A point is finally reached 
where the flow is completely blocked, i.e., the 
static pressure inside the duct becomes equal to 
that downstream from a normal shock having an 
inlet Mach number equal to the free-stream 
Mach number Mi. Under the blocked condition 
no gross thrust can be developed because the 
interior projected area of the diffuser, which 
produces the forward force, is exactly‘equal to 
that of the exhaust nozzle which produces an 
equal backward force. 


14-2.2.2 HEAT ADDITION TO THE INTER- 
NAL FLOW 


A hugh static pressure can be supported in a 
shaped duct by adding heat to the compressed 
internal flow by burning a fuel with the com- 
pressed (diffused) air. Heating the air causes a 
large increase in its specific volume and, because 
the dimensions of the duct (ramjet engine) are 
fixed, the volumetric rate of flow increases so 
that the internal flow must be accelerated away 
from the heat addition region. The geometrical 
configuration of the duct combined with the 
high static pressure of the diffused air entering 
the burner (see Figs. 14-1 and 143) causes the 
air to be accelerated toward the exit section A,. 
The corresponding reaction force supports the 
high static pressure (due to diffusion) acting on 
the forward portion of the duct. Increasing the 
heat addition. by increasing the fuel consump- 
tion, raises the acceleration of the internal flow 
and consequently the gross thrust. The maxi- 
mum amount of heat that can be added to the 
internal flow is limited by the calorific value of 
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the fuel and the efficiency of the burner. 
Ordinarily, the maximum heat release is ob 
tained when the fuel-air ratio f (where 
f = m,/m,) is slightly richer in fuel than the 
stoichiometric ratio; for the conventional liquid 
hydrocarbon fuels, such as jet enpine fuels, the 
stoichiometric fuel-air ratio is close to f = 0.067. 
The maximum value of the static pressure which 
can be attained by the air entering the burner 
section of a ramjet engine depends, of course, 
upon the free-stream Mach number M, and the 
overall effectiveness of the diffusion process 
(supersonic and subsonic). 


Fig. 144 illustrates diagrammatically the 
variation in the static pressure and velocity 
inside a ramjet engine cquipped with a spike- 
type supersonic diffuser; the curves apply to a 
flight Mach number of M, = 2.0. 


[4-3 DEFINITIONS OF TERMS EMPLOYED 
IN RAMJET ENGINE TECHNOLOGY 


Fig. 141 illustrates schematically a static 
rotationally symmetrical ramjet engine im- 
mersed in a uniform supersonic flow of atmos- 
pheric air. As before, a relative coordinate 
system is employed, and in that coordinate 
system an axial force acting in the forward 
direction (1.€., opposite to V_) is called a thrust, 
and a force acting in the backward direction 
(1.e., in the same direction as V,) is termed a 
drag. 


14-3.1 GROSS THRUST (Fy) 


For a one-dimensional flow the impulse 
function F is given by Eq. A-56. Thus 


F=mutPA (14-3) 


where u denotes the velocity of the gas parallel 
to the x-axis. 
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By convention, the gross thrust of a ramjet 
engine, denoted by F B is defined by 


F,= F,—F, —P, (A, - Ay) (14-4) 


Eq. 14-2 can be transformed to yield! ' 
Fg=m,u,—m,V,+A, (P,-Py) (145) 


For the one-dimensional flow of a perfect 
gas the impulse function in terms of the local 
Mach number M_ is given by Fq. A-157. Thus 


F=PA(1i +yM?) (14-6) 


Hence, the gross thrust equation can be 
written in the form 


FO= PA, +7,M3) 


—(P,AgY)M2 +P, A,) (14-7) 


Eq. 14-S shows that for a given engine 
configuration operating % a fixed altitude 
(P, = constant) the gross thrust Fy depends 
upon Me. 


14-3.2 EXTERNAL DRAG (D,) 


The external drag D, comprises the skin 
friction drag Dg, the pressure drag D,,, and the 
additive drag B,, as mentioned in par. 13-5, the 
drag D, arises from the change in the momen- 
tum of the fluid in the diverging streamtube 
externa) to the engine (see Fig. 13-1). The 
external drag D, is given by | 


A, 
D.= | (. 2 + re| dA (14-8) 


A 


0 


Eq. 14-8 represents the summation of tne 
axial components of the external pressure P, 
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and shear forces tT, acting on the outer surface 
of the ramjet engine and the streamtube bounda- 
ing the airflow into the engine. 


In general, operating a supersonic ramjet 
engine at off-design flight speeds produces sim1- 
lar effects irrespective of the type of inlet. If 
M, <Mo@ where M, q is the design flight Mach 
number, the drag coefficient Cp and the pres- 
sure recovery P> /PO both increase. On the other 
hand if M, > M,g the reverse effects occur. The 
variation in Cy is due primarily to changes in the 
pressure and additive drag coefficients. The 
additive drag increases with the amount of air 
‘spilled over’ the intake lips. 


14-3.3 NET THRUST (F,) 


By definition 


F, =F, — De (14-9) 


14-3.4 EFFECTIVE JET (OR EXHAUST) 
VELOCITY (Vi) 


Let V; denote the effective jet velocity,also 
called the effective exhaust velocity (see par. 
2-2.1), then 


F,* m,V;—m,V, (14-10) 
where 

A, 
Vj=u, + = (P, — Fo) (14-11) 


7 


If the exhaust nozzle operates with complete 
expansion, then P. = P, and V; =u. 


It can be shown that if ‘f= mpm, = the 


fueLair ratio and -— V; j/A; =the effective jet 
Mach number, then! 


a -m lie —Ufi— *\) aiz 
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and the gross thrust F, is given by 


§ 


M; 

Fg=Ag7yoMg jUl+s) 
O 0 0 

(14-13) 


14-3.5 NET THRUST COEFFICIENT (Cp,) 


By definition, the net thrust coefficient Cry 
is given by 





F F.—D 
Cry = . Se (14-14) 
qo “m 2% Vo Am 


Since a° =7,P,/p, = the acoustic speed for 
the free stream, Eq. 14-14 can be expressed in 
terms of the free-streaam Mach number 
M, = V,/a,. Thus 


2(F. — D,) 
ak a a 14-15 
Crh PA Mi ( ) 


mv 


where ¥, = c,,/c, = specific heat ratio for the 
free-stream alr. 


Fig. 14-2 presents Cp, as a function of the 
Slight Mach number for three fixed-geometry 
ramjet engines and one variable-geometry en- 
gine. The design Mach numbers for the three 
fixed-geometry engines are 1.5, 2.3, and 3.5, 
respectively*. The calculations apply to nacelle- 
type engines, and the net thrust is the net force 
transmitted to the strut supporting the engine. 
The ca2tculations aSsumed a combustion effi- 
ciency mp=- 0.9, and that the diffuser pressure 
recovery characteristics were those indicated on 
the upper left-hand corner of Fig.I 4-5. 


14-3.6 GROSS THRUST COEFFICIENT (Cry) 


The gross thrust coefficient Cr for a ramjet 
engine is defined by Eq. 12-9, which can be 
transformed to read! 


14-8 


F 2F 
g 
Cre = (14-16) 


Da « M2 
7PoVoAm  PoAmYoMo 


In terms of the effective jet Mach number 


Mi, the gross thrust coefficient is given by! 


2A M; [y,T 
Cp. =— la¢f) 2 j%7 4 ~1] (14-17 
Fg An ( f) M, 77, ( ) 


By eliminating M: from Eq. 14-17, by means 
of Eq. 14-12, one obtains 


2A,/A,, | P, 
“Fg” M2 E (1 +7,M;) - 


0 


- 2(A,/Am) (14-18) 

In practically all ramjet engine designs the 
maximum cross-sectional area An 1s icentical 
with A, the cross-section area of the burner (see 
Fig. 14-1). 


The gross thrust coefficient determines the 
speed range wherein the ramjet engine can 
propel itself and, consequently, the maximum 
flight speed. Eq. 1417 indicates that for con- 
stant values of y,, M,, and P, (fixed values of 
altitude and flight speed), Cp, for a fixed- 
geometry ramjet engine (A, [Kon = constant) 
depends primarily upon the effective jet speed 


Vj. where 


A 
V;=u, + a (P, —P)=MjVy,RT, (14-19) 
7 


For calculation purposes it is convenient to 
express Crs in terms of P?/P, and P2 /P.. 
Thus! 


2A,/Am | Po [ity.M3] | 2A 
F fee Ces —_—_—_— ibd wae 
. 1>M; PY 


(14-20) 
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Figure 14-5. Calculated Values of the Net Thrust of Ramjet Engines Asa Function 
of the Flight Mach Number 


For a fixed-geometry ramjet engine, M. 
depends upon the combustion temperature T,, 
the fuel-air ratio f = m/m , the combustion 
pressure P,, and the nozzle efficiency 1p. 
Hence, for fixed values of M), altitude, and heat 
addition the thrust coefficient is proportional to 
the pressure ratio PS/P.; the value of that 
pressure ratio, and hence the thrust, can be 
regulated by varying the fuel flow rate mp. As 
pointed out in par. 14-2.2.2, the heat added in 
the burner is the means utilized for maintaining 
the high static pressure inside the ramjet re- 
quired for developing gross thrust. 


» 


For estimating purposes one may assume 
yo = 1.4 and y, = 1.28; the latter value assumes 


that a liquid hydrocarbon fuel is burned at 
substantially the stoichiometric fuel-air ratio. 
The following parameters must be either known 
or determin ie: TO =TS, po, M,, 
pO =P) — APyp (where AP yp is the stagnation 
pressure decrease in the burner), and the area 
ratio A, [A,. Ordinarily, the ramjet engine oper- 
ates with a choked exhaus: nozzle. Hence, 
M, = throat Mach number = 1.0. For the choked 
Operating condition the nozzle area ratio 
A. /A, = A,/A* is given by (see Chapter 4) 
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= 1 7 
Ae, (12) a yt | as ea : 
A, \2 pofaiy—-1 | \PP 
(14-21) 


The pressure ratio P? /P, depends upon M, , 
the stagnation pressure ratio P> /PO, the pres- 
sure drop in the burner AP) p, and the decrease 
in stagnation pressure in the exhaust nozzle. 


The pressure ratio P?/P, is obtained from 
the relationship 


po po pe po 
7s 2 2 F ze (14-22) 
PP) po Po PO 


Some general conclusions will now be pre- 
sented regarding the effect of altitude z, flight 
Mach number M,, and fuel-air ratio f upon Cr 
for a ramjet engine having a fixed geometry. 


14-3,6.1 EFFECT OF ALTITUDE (z) ON Cpg 
(T? = constant) 


Assume that a fixed geometry ramjet engine 
propels a vehicle at a constant altitude 
(z = const) and the fuel controls mainiain T?, 
the combustion total temperature, at a fixed 
value (see Fig. 14-1). 


As the engine accelerates the vehicle the net 
thrust F,, =(F.—-D,), the flight Mach number, 
the internal air flow m,, and stagnation pressure 
P>, at the diffuser exit section all increase. At 
a particular value of M, one or more shock 
waves attach themselves to the inlet, and the 
capture area A, (see Fig. 14-1) becomes fixed. 
Ordinarily, the latter condition is established 
when M, is slightly smaller than M, q the design 
Slight Mach number (see Fig. 14-6). If the engine 
continues to accelerate the vehicle, a flight Mach 
number is attained ‘vhere the flow in the 


14-10 





exhaust nozzle becomes choked. Further accel 
eration causes the normal shock to become 
detached from the intake lips, air is “spilled 
over” the intake lips, and the gross thrust 
decreases as indicated in Fig. 14-6. 


| Since Cry = F/G) Am: the variation of Crs 
with M,, at z= constant, depends on both F 
and the dynamic pressure q, =7,P, M; /2. After 
the exhaust nozzle operates with choked flow, 
qd) increases faster than F,, so that Crp de 
creases with M,> as illustrated in Fig. 14-7(A), 
for se1 level and altitude z. 


It is seen from Fig. 14-7(A) that the thrust 
coefficient, when T? is constant increases with 
the altitude z. At altitude, the air temperature 
T? entering the burner is lower than it is at sea 
level, so that more heat can be added to the air 
for achieving the same value of T) . 


14-3.6.2 EFFECT OF FUEL-AIR RATIO ON 
Cry (z = const.) 


Fig. 147(B) illustrates schematically the 
effect of fuelair ratio f and M, on a fixed 
geometry ramjet operating at a constant alti- 
tude. 


14-4 CRITICAL, SUPERCRITICAL,’ AND 
SUBCRITICAL OPERATION OF THE 
RAMJET ENGINE 


It was pointed out in par. 13-4.4 that a 
diffuser employing externa] shocks has three 
basic modes of operation-—critical, supercritical, 
and subcritical—depending upon the value of the 
diffused pressure at Station 2 (see Figs. 13-2 and 
13-5). The external shock pattern may be 
produced by either a normal shock diffuser or a 
conical spike diffuser (see Fig. 13-6). The 
general conditions in the diffuser are illustrated 
in Fig. 13-7. 


In a ramjet engine the magnitude of the 
restriction for sustaining a high internal pressure 
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(8) EFFECT OF FUEL-AIR RATIO AT A CONSTANT ALTITUDE 


Figure 14-7. Variation of Gross Thrust Coefficient Cra fora Fixed-Geometry Ramjet 
Engine With Flight Mach Number M,:(A) With a Constant Combustion Stagnation 
Temperature 6 at Two Adin and (B) With Two Different 
Fuel -Air Ratios at a Fixed Altitude 
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comes from the heat added in the bumer. 
Hence, the basic operating conditions for a 
ramjet engine are related to the amount of heat 
added to the air flowing through the burner, i.e., 
to the heat released in the burner. 


14-4.1 CRITICAL OPERATION OF THE 
RAMJET ENGINE 


If the heat released in the burner is sufficient 
for maintaining the normal shock (see Fig. 
13-7(A)) at the inlet, the operation of the ramjet 
is said to be critical. 


14-4.2 SUPERCRITICAL OPERATION OF 
THE RAMJET ENGINE 


If the heat released in the burner is too small 
for achieving critical operation, the excess pres- 
sure in the air is dissipated within the diffusion 
system by a discontinuous process, i.e., by a 
shock wave. Consequently, the air flows into the 
intemal compression (subsonic) diffuser with 
supersonic velocity. Since dA/A is positive and 
the flow is supersonic, the flow Mach number 
increases. Consequently, the excess kinetic en- 
ergy associated with the air stream is dissipated 
by a strong shock wave, as illustrated in Fig. 
13-7(B). 


14-4.3 SUBCRITICAL OPERATION OF THE 
RAMJET ENGINE 


If the heat release in the burner is large 
enough, the static pressure P, may exceed the 
static pressure achieved by the diffusion system. 
Consequently, the internal flow becomes choked 
and the normal shock is expelled from the 
subsonic diffuser and moves upstream toward 
the vertex of the conical diffuser. as illustrated 
in Fig. 13-7(C). 


The flow behind the detached normal shock 
is subsonic. Because of the detachment of the 
nomnal shock air is “spilled over” the diffuser 
lips. The*‘spillover’ reduces the internal flow. 
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i.e., there is a reduction in the capture area A, 
(see Fig. 14-1). Because of the subsonic flow and 
high static pressure acting on the diffuser cowl, 
the external drag of the engine is increased. 
Although the gross thrust of the engine increases 
due to the decrease in ram dra; mV, (see par. 
12-3.1), the increased external drag may cause 
the net thrust F,, to decrease. 


If M, decreases during subcritical operation 
of the ramjet engine, the “spillover” increases 
and the gross thrust F, decreases. Unless the 
decrease in M, can be halted, the gross thrust 
will become less than the external drag. There is 
only one way for increasing Fy when the ramjet 
operation is subcritical; the internal area which 
produces forward thrust must be ir creased. To 
accomplish the latter requires reducing the inlet 
area A, or, in other words, increasing the area 
ratio A,/A, of the internal compression sub- 
sonic diffuser. In other words, a variable-area 
subsonic diffuser is required. 


In general, flights at low Mach numbers 
require large values of A,/A, than do flights at 
high Mach numbers. 


The discussions of critical, supercritical, and 
subcritical cperation of the ramjet engine indi- 
cate that the position of the normal shock at the 
inlet to the engine and the amount of 
“spillover” air depend upon the flight Mach 
number M_,, the fuel-air ratio f, and the burner 
efficiency np. 


14-5 LOSSES IN THE RAMJET ENGINE 


An actual ramjet engine encounters losses in 
the internal flow. The following are the princi- 
pal sources of loss: 


1. Increase in the entropy of the internal 
flow due to the presence of shock waves 
in the supersonic diffusion process. 
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2. Pressure losses due to skin friction and 
flow separation phenomena in the sub- 
sonic diffuser. 


3. Pressure loss due to such obstructions in 
the flow, as injection nozzles, flame- 
holders, etc. 


4. Loss in stagnation pressure due to heat 
addition in the burner. 


5. Loss due to friction in the exhaust 


nozzle. 


For a typical fixed geometry ramjet con- 
figuration operating with M, ~1.8, test results 
indicate that with M, ~0.2 and TS ~ 3800°R 
the total pressure ratio across the engine will be 
of the order of 0.72. Typical values for the 
Stagnation pressure ratios across different parts 
of the ramiet engine are presented below: 


Part of Engine 
Supersonic diffuser po/PO = 0.92 


Pressure Ratio 


Subsonic diffuser P>/PO = 0.90 
Flameholders PS /PO = 0.97 
Combustion chamber PO/PS = 0.92 
Exhaust nozzle P>/PO = 0.97 


14-6 DIFFUSER PERFORMANCE IN A RAM- 
JET ENGINE 


It is important that the supersonic and 
subsonic diffusers convert a large portion of the 
kinetic energy associated with the free-stream air 
into pressure rise at the entrance to the bummer. 


The selection of the most appropriate con- 
figuration for the supersonic diffuser of a ramjet 
engine depends primarily upon the design flight 
Mach number Mod: but also upon the configura- 
tion of the propelled vehicle. The supersonic 
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diffusers for some vehicles may be either of the 
nose-inlet type or the side, scoop, or aft inlet 
type. The nose-inlet has the advantage that it 
gives a somewhat larger pressure recovery than 
the side-inlet. With a side-inlet, however, the 
ducting of the combustion air through the nose 
of a missile, for example, is eliminated and the 
burner can be moved forward in back of the 
payload; the latter can then be located in the 
nose. Such an arrangement offers the possibility 
of reducing the frontal area of the missile and 
consequently the external drag. Alternatively, it 
permits “forward looking” radars, etc., to be 


- located in the nose. Few data on the perform- 


ance of side-inlets have appeared in the unclas- 
sified literature. Irrespective of the iype of inlet, 
the development of the supersonic diffuser is 
concerned with the following problems: 


1. The achievement of the largest possible 
Stagnation pressure recovery. 


2. The minimizing of the effect of angle of 
attack upon the pressure recovery and 
upon the uniformity of the flow pattern 
entering the burner. 


3. Decreasing the external drag during sub- 
critical operation (where the free-stream 
Mach numbers ere less than the design 
Mach number). 


4. Limiting the subcritical operating range 
to avoid the occurrence of the oscil- 
latory phenomena at the inlet, com- 
monly called diffuser buzz. 


The engine designer must make the best 
possible compromise between the desired high 
values of pressure recovery and the overall drag 
of the missile. For that reason and several 
Others, there must be a good coordination 
between the design and development engineers 
of the engine and the vehicle manufacturers. 
Fairly high pressure recoveries can be obtained 


‘with the different types of supersonic diffusers 
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if they are operated within their optimum recovery for Mach numbers ranging from 

ranges. approximately 1.6 to 2.6. For higher pressure 

recoveries it 1s necessary to increase the number 

ries For supersonic flight Mach numbers less of conical shocks. It is found, however, that in- 

— than approximately M= 1.8, the normal shock creasing the number of conical shocks also 


supersonic diffuser (see par. 13-4.1) gives satis- | increases the external drag so that there may be 
factory values of stagnation pressure recovery. little gain in the net thrust. Except at Mach 
For values of M, exceeding 1.8, the stagnation numbers above approximately 2.75, there is no 
pressure recovery of the normal shock diffuser | advantage in using more than two conical 
deteriorates quite rapidly. The spike-type dif- | shocks. Fig. 148 illustrates diagrammatically the 
fuser (with a single cone) with one conical shock best operating ranges for the different super- 
at the cone vertex and one normal shock at the sonic diffusers for fixed-geometry ramjet 


intake gives good values of stagnation pressure engines. 
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Figure 14-8. Best Operating Ranges for Supersonic Diffusers for Fixed-Geometry 
Ramjet Engines 
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1447 BURNER EFFICIENCY (ng) 


Let Q: denote the heat actually imparted to 
the internal flow. Thus 


Qi =mCpyp(TS ~ T°) (B/unit time) (14-23) 


where C,.p is the mean specific heat for the gases 
raised from T? toT? in the burner. 
Let 


a=TY/T, = the cycle temperature ratio (14-24) 


and 
Yp = the mean value of y for the burner. 


Then! 


; YB lty 
f _- 0 
Q; = A PLY, os) a— ( 5 2) Ms 


(1425) 


Because of inevitable losses, some of the 
heat supplied to the engine in the form of fuel is 
not utilized for increasing the enthalpy of the 
working fluid. Let f’ denote the ideal fuel-air 
ratio corresponding to the ideal heat input Q: 
and f the actual fuel-air ratio, then the burner 
efficiency Np is defined by 
Np = Q;/Q; =f'/f (14-26) 


14-8 OVERALL EFFICIENCY OF THE RAM- 
JET ENGINE (n,} 


In general, the overall efficiency of a propul- 
sion system, denoted by No» iS given by 


No = Py/Q; = FVo/ ( Qing | (14-27) 
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It can be shown! that 


bt (i | . 
iM, ¥,71 : 
Py gece ont} 1+( 2 )g 


Q; YB 

















(14-28) 


14-9 GROSS THRUST SPECIFIC FUEL CON- 
SUMPTION OF THE RAMJET ENGINE 
(F SFC) 


The gross thrust specific fuel consumption, 
denoted by F,SFC, is measured in 1b of fuel per 
hr per lb of thrust. It is defined by 


FgSEC = aptny SE? = ging (36001 
rs ‘Cr(3 Am? ™) 


(14-29) 


In terms of the fuel-air ratio f = my/ma. 


m= fmg =f(,V, A,) (14-30) 
Combining Eqs. 14-29 and 1430, one ob- 
tains 


A.\ [7 ' 
F SFC = 7200 g, ( r et ome & Ta nae 


For fixed values of f and My) the F SFC of 
a fixed- geometry ramjet engine decreases as 
CEg! is Increased, as indicated in Fig. 14-6. 


14-10 VARIABLE-GEOMETRY RAMJET EN- 
GINE 


The main advantage of the fixed-geometry 
engine is its simple construction, but from an 
aerodynanuc and thermodynamic point of view 
it leaves much to be desired. Its performance 
decreases rapidly with off-design operation and 
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if the Mach number at which it becomes 
self-operating (thrust> drag) is high, the boosters 
or launching rockets become large and expen- 
sive. 


A ramjet engine having variable intake and 
exit areas gives improved performance at low 
flight speeds and thus reduces the size of the 
booster rockets. The cruise performance can also 
be improved because it is not necessary to 
compromise the design performance. 


14-11 SCRAMJET ENGINE PERFORMANCE 
PARAMETERS 


It was pointed out in par. 12-1.2 that the 
maximum flight Mach number for the ramjet 
engine, because it utilizes subsonic combustion, 
is limited to approximately M, =5. The limit is 
due to the high stagnation temperatures and 
pressures resulting from decelerating the free- 
Stream air to approximately M, = 0.2, see Fig. 
14-1. 


The SCRAMJET engine by eliminating the 
need for decelerating the incoming air to a 
suosonic Mach number removes the limitations 
described above. Consequently, such an engine 
has the potentiality of developing thrust at 
hypersonic flight speeds and possibly up to 
orbital speeds. Moreover, it appears that it may 
be feasible to operate a SCRAMJET engine over 


wee sas -—. WAHL Psteoe -_ 
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a wide range of Mach numbers with fixed 
geometry. Moreover, its internal pressure and 
temperature at the entrance to the bummer will 
not be excessive since the diffused flow is 
supersonic throughout; u, is not too far dif- 
ferent from V5: 


Fig. 14-9 illustrates schematically a longi- 
tudinal cross-section through a SCRAMJET 
engine. 


14-11.1 GROSS THRUST (Fy) 


The gross thrust F, is given by 


g 
F,=(im,u, +P,A,) -(m,V, +P,A,) 


—P (A 


0 


—A, ) (14-32) 


7 

Rearranging 

Fp=(th,u, +P,A,) — (10, V, +P,A,} (1433) 

14-11.2 GROSS THRUST SPECIFIC IMPULSE 
(Fg) 


By definitic:: 


F 
IF, = _gPc (1 4-34) 
m 
I 





Figure 14-9. Diagrammatic Cross-Section Through a SCRAMJET Engine 
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where, as before, my is the fuel consumption 
rate. 


1411.3 INLET KINETIC ENERGY EFFI- 
CIENCY (ny) 


Fig. 1410 illustrates diagrammatically the 
deceleration of the incoming air from the 
velocity V, to the velocity u,. By definition, 
the kinetic energy.efficiency ny Is given by 





(14-35) 
ho —h 


14-11.4 NOZZLE THRUST EFFICIENCY 
(NaF) 


By definition 
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— oe ee, eee ee SO ee -. 


"nF 


ay 


(14-36) 
where 


F,=m,u, +P, A, = stream thrust for the ac- 
tual nozzle 


F) = stream thrust for an isentropic nozzle 


To date, no operating SCRAMJET engine has 
been developed, but there is considerable re- 
search and development activity pertinent to 
that engine®. 
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Figure 14.19. SCRAMJET Engine Diffusion Process Plotted in the hs-plane 
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CHAPTER 15 


GAS-TURBINE AIR-BREATHING ENGINES 


15-1 INTRODUCTION 


The essential features of the different types 
of gas-turbine engines are presented in paragraph 
12-2 and illustrated schematically in Figs. 12-2 
through 12-7. For convenience of discussion the 
gas-turbine engines may be classified into the 
following two groups: 


1. Gas-turbine Powerplant Engines 


2. Gasturbine Jet Engines 


15-2 GAS-TURBINE POWERPLANT  EN- 


GINES 


These engines may be grouped into the 
following types: 


(a) Basic turboshaft engine, for brevity 
termed the turboshaft engine (see par. 
] 2-2.5) 


(b) Regenerative turboshaft cngine 


(c) Turboprep enyine (see par. | 2-2.6) 


Both types of turboshaft engine (a) and (b), 
are designed for producing shaft power only. As 
pointed out in par. 12-2.6, the turboprop engine 
develops a small jet thrust in addition to shaft 
power. 


A turboshaft engine — and its modification 
the regenerative turboshaft engine — is basically 
an adaptation of the stationary gas-turbine 
i; werplant to aircraft requirernents: e.g., iow 


weight, large thrust per unit weight, etc. Cor 
sequently, the thermodynamic methods devel- 
oped for analyzing stationary gasturbine power 
plants are directly applicable to the analytical 
Studies of all of the types of gas-turbine power- 
plant engines! »2. 


The turboshaft engine is employed for 
driving electric generators, large ground vehicles, 
ship propellers, helicopter rotors, and airplane 
propellers. Table 15-1 lists some of the current 
Army aircraft and their gas-turbine engines. 


Because of the large difference in retative 
speed of the output shaft of a gasturbine 
powerplant engine and its load — helicopter 
rotor, aircraft pronetier, etc. — the load is driven 
through some form of gearbox, as illustrated in 
Figs. 12-6 and 15-17. The speed of the output 
shaft for the larger horsepower engines will 
range from 10,000 to 14,000 rpm and for the 
smaller horsepower engines the rotative speed 
may be as large as 40,900 rpm. The rotative 
speeds of helicopter rotors* are ordinarily close 
to 250 rym while those for aircraft propellers 
range from 1,000 to 1,500 rpm. To achieve the 
required reduction in rotational speed, two 
stages of speed rseuuction are generaily em- 
ployed. For a well-designed and well-constructed 
gearbox one may assume for estimation pur- 
poses that the mechanical efficiency of th< 
gearbox, denoted by Np, will have a value of 
Ne = 0.98. 


*Characteristics of helicopter rotors are presented in Reference 10. 
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TABLE 15-1] 


ARMY AIRCRAFT AND THEIR ENGINES 


AIRCRAFT 
DESIGNATION ENGINE hp/ENGINE 


































UH-1 Iroquois 1-Lycoming T53 ‘ 
CH-47 Chinook 2-Lycoming T55 , 
OH-6A Cayuse 1-Allison T63 
; 
OV-1 Mohawk 2-Lycoming T53 ; ; 
CH-54 Flying Crane 2-P&W JFTD-12 a 
U-21A (Utility 2-P&W T74 i. 
Airplane) : 
AH-56 Cheyenne 1-GE T64 
, 
: 15-3 EFFICIENCIES OF COMPONENTS OF h>'-ho TOTO | 
7 425 OF (15-1) | 
/ | GAS-TURBINE ENGINES d bh? a h° 1° Z T° 3 
| In this paragraph the definitions of the . 
= | efficiencies of the components employed in the 15-3.1.2 DIFFUSER TEMPERATURE RATIO 


gas-turbine discussed in Chapter !5 will be (aq) 


presented. 
By definition, the diffuser temperature ratio 


[5-3.1 DIFFUSION PROCESS is given by 
The flow in an inlet-diffuser m . >e assured 7° s 

| to be adiabatic, so that T? = T> = cunstant. Fig. ay= = =|+ 5") M? (15-2) :- 
3 15-1(A) illustrates schematically the diffusion ? 2 " 
| process on the hs-plane. The states 0 and 2 [5.3.1.3 DIFFUSER PRESSURE RATIO ; 

correspond to the ambient air and the exit PARAMETER (Qq) : 

cross-section of the diffuser, respectively, as 

indicated in Fig. 15-18 (turboprop engine) and The diffuser pressure ratio P>/P, (see Fig. 

Fig. 15-24 (turbojet engine). The diffuser com- 1!5-1(A)) can be related to the flight Mach 

presses the atmospheric air from P. to P. . number M, , the diffuser isentropic efficiency 2 q> 


and the diffuser pressure ratio parameter Og, 


15-3.1.1 DIFFUSER ISENTROPIC EFFI where 


CIENCY y-1 


By definition, the isentropic diffuser effi Oq= = diffuser pressure ratio 
ciency %q is given by Po parameter (15-3) 


15-2 
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It is readily shown that !>? 


Og=1tn4 (7) Ma 


Fig. 15-2 presents diffuser performance charts 
obtained by applying Eqs. 15-2 and 15-4. The 
chart shows that to obtain a large value for Ou, 
for a given M_, a large value for nq is required. 
For a_ well-designed inlet-diffuser one may 
assume for estimation purposes that ng ranges 
from 0.7 to 0.9, depending upon M,. 


(15-4) 


15-3.2 COMPRESSION PROCESS 


In a turbine-driven air compressor, single- or 
twin-spool (see par. 12-2.5), the air inducted by 
a gas-turbine engine is compressed from state 2 
to state 3 (see Figs. 15-18 and 15-24). 


15-3.2.1 COMPRESSOR ISENTROPIC EFFI- 
CIENCY (n,) 


Let Ah, denote the work actually required 
to compress the air, in B/slug, from PD to P?, 
and Ah. the corresponding work for an isen- 
tropic compression; where 


(Sh, = hy — hP= G56 (T3 - T?) (15-5) 
and 

Ah, =h}’ -h? = ¢,,(T?'— T;) (15-6) 
where ¢... is the mean value of c, for the 


temperature change accompanying the com- 
pression process. 


By definition, the compressor isentropic 
efficiency 7, is given by 


c 
C= 
© Oh, h? — ho? 


! ’ O 
Ah, WG‘ h? TST, 
T? -T° 


3 2 


(15-7) 





For estimation purposes one may assume that n, 
will range from 0.85 to 0.90. 


15-3.2.2 COMPRESSOR PRESSURE RATIO 
PARAMETER (6,) 


The air compressor raises the stagnation 
pressure of the air from P> to P?. The ratio 
P° /P> is called the compressor pressure ratio. 
By definition ! >? 


po\*— 
0.= _3 i = =Z,+1 (15-8) 
O O 
Pe he 
where 
Z,= 9, — 1 = compression factor for air 
compressor (15-9) 
accoldingly 
Ah, = Cpe T? Z. (15-10) 
and 
rp Ui 
Ah, =) An’ = PE? 7. (15-11) 
Nc Ne 


where, as before, c,,, is the mean value of the 
specific heat for the compression process. 


|5-3.2.3 TEMPERATURE RISE IN AIR COM- 
PRESSOR (AT,) 


The compression process increases the speci- 
fic enthalpy of the air by the amount Ah, where 
Ah, is given by Eqs. 15-5 and 15-11. Hence 


Ah 
= TO = Cc 
“pe 


(1 5-12) 
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it is readily shown that the compressor 
discharge temperature T? is given by ' 


Z e.-—1 7 
gots(i+) -19(+ : ) (15-13) 
Ne Ne 


15-3.3 COMBUSTION PROCESS 





The combustion process has the same func- 
tion in all gas-turbine engines, i.e., to burn a fuel 
in the compressed air flowing through the 
burner: Aso called the combustor —with a 
minimum pressure loss and with as complete a 
utilization of the fuel as possible. Liquid hydro- 
carbon fuels are the most widely used. 


15-3.3.1 BURNER EFFICIENCY (np) 


Let Q; denote the heat added in the .:mer 
in the form of fuel, having the lower enthalpy of 
combustion 4H, in B/slug, and mf the fuel flow 
rate in slug/sec, then 


Q: = m 4H, (B/sec) (15-14) 


An ideal burner, due to the absence of losses 
due to heat conduction, radiation, and incon~ 
plete combustion, would require the ideal heat 
input Q:<Q; to achieve the same temperature 
in the burner, i.e., T? to T?. Hence, the ideal 
fuel flow rate, denoted by my < my, and 


Qi=mAH, (15-15) 


By definition, if m, denotes the air flow rate 
for the burner, then 


f=m,/m, = fuelair ratio _ (15-16) 
and 
f' =mi¢/m, = ideal fuelair ratio (15-17) 


15-6 


The effectiveness with which the fuel burned 
in the burner is converted int enthalpy rise is 


_ termed the burner efficiency which is denoted 


by ng. Hence 
_ QA mye 


The burner efficiency ng is the fraction of 
the enthalpy m, 4H, that is released in the 
burner, and is usually between 95 to 99 percent. 


15-3.3.2 DIMENSIONLESS HEAT ADDITION 
PARAMETER (Qinp/eppTy) 


The heat addition Q: is also given by 


Cc 
Qi Pry — T°) (B/slug of air) (15-19) 


It can be shown that ! 


Qing 6.-1 
—— =a- 
Br 





—1 (15-20) 


“pB‘o Ne 


where c B is the mean value of c 
burner, and 


p for the 


a=T°/T, = cycle temperature ratio (15-21) 


The parameter Qing/<pBT, is called the 


dimensionless heat addition. 


There is always a decrease in the total 
pressure in a combustor due to the momentum 
increase resulting from heat addition and the 
friction losses (see pars. 3-6:and_3-7). 


15-3.4 TURBINE EXPANSION PROCESS 


The expansion process in the turbine of a 
gas-turbine engine may be assumed to be adia- 
batic. Fig. 15-3(A) illustrates the turbine expan- 
sion for a turboshaft engine, and Fig. | 5-3(B) 
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SPECIFIC ENTROPY s 
(A) EXPANSION PROCESS IN A TURBOSHAFT ENGINE 
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(B) EXPANSION PROCESS IN TURSOPROP ANO TURBOJET ENGINES 


Figure 15-3. Expansion Processes for Turboshaft, Turboprop, and 
Turbojet Engines Plotted in the hs-plane 


illusirates the expansion process for turboprop 
and turbojet engines. Let T? denote the turbine 
inlet temperature and h® the corresponding 
Stagnation enthalpy. The expression for the 
work performed by a turbine, denoted by Ah,, 
will depend upon whether or not useful we. x is 
Obtained from th2 kinetic energy of the gas 
leaving the turbine, Le., the gas crossing 
Station 5. 


15-3.4.1 TURBINE WORK FOR TURBO- 
SHAFT, TURBOPROP, AND TURBO- 
JET ENGINES 


(a) Zurboshaft engines (see Fig. 15-3(A)) 


Ahy =hy —h, =c)¢(T? — T,) (15-22) 
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and for an ide2! turbine 


Ah, =h? — hy = Cpe (T? — Th) (15-23) 


(b) Turboprop and turbojet engines (see 
Fig. 15-3(B)) 


Ah, =h° - hY = cpt (T? — TS) (15-24) 
and 
Ah; = h? — h?’=¢,4(T9 — F?') (15-25) 


15-3.4.2 TURBINE ISENTROPIC EFFI- 
CIENCY (14) 


By definition, the turbine isentropic effi- 
ciency 7; is given by _ 








_ Ah; 
Ne Bhi (15-26) 
Hence, for 
(a) Turboshaft engines 
hy a h, a TS - YT, 
Ny = ” ae hee 15.27 
hy 7 h, Ty —T, : 
(b) Turboprop and turbojet engines 
heh? Toe TS 
n= 4 2 2 (1 5-28) 


0 Or fe) QO! 
hy h, i ise 


The values of n, for turboshaft engines will 
range from 0.85 to 0.90. For the turboprop and 
gas-turbine jet engines, ur will range from 0.88 
to 0.95. The larger values for Nt are obtained 
because there is no exit foss charged against the 
turbines of the latter engines, the kinetic energy 
associated with the gas leaving Station S (see 


15-8 


Fig. 15-3(B)) is used for developing jet thrust, 
i.e., useful thrust power. 


15-3.5 NOZZLE EXPANSION PROCESS AND 
ISENTROPIC EFFICIENCY (n,, 


Exhaust nozzles for developing thrust are 
employed in turboprop and gas-turbine jet en- 
gines. 


The flow in a well-designed nozzle is close to 
being isentropic. By definition (see Fig. 15-24) 





hno-h, T°-T 

1) =— coer : (15-29) 
O r) 
ho-hi TO. 1 


The value of 7, for a well-designed exhaust 
nozzle will range from 0.95 to 0.99 (see Chapter 
4). 


15-3.6 MACHINE EFFICIENCY (140) 


By definition 


Nee = 14% (15-30) 


[S-4 THE FURBOSHAFT ENGINE 


Fig. 12-6 illustrates schematically two ar- 
rangements for the components for a turboshaft 
engine; (A) a so-called single shaft arrangement, 
and (B) the free-turbine arrangement where the 
load is driven by a separate power turbine which 
is mechanically independent of the hot gas 
generator. The free-turbine arrangement has 
greater flexibility for mecting the load demands 
than does the single shaft configuration. From 
the viewpoint- of thermodynamic analysis the 
operating cycle is identical for both of the 
configurations illustrated in Fig. 12-6. 
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15-4.1 DESIGN CRITERIA FOR TURBO- 
SHAFT ENGINE 


The following criteria are useful for judging 
the design and performance of a turboshaft 
engine: 


(a) The thermal efficiency (4) 
(b) The specific output (L) 
(c) The air-rate (A) 
(d) The work-ratio \U) 
15-4.1.1 THERMAL EFFICIENCY (nq) 


The thermal efficiency of a turboshaft en- 
gine is defined as the ratio of the net useful 
work delivered by the engine to the heat 
supplied it in the form of fuel. 


Let Pogmp denote the power expended in 
dnving the air compressors, Py),p the power 
developed by the turbines, and P) the parasite 
power for overcoming losses. The useful or 
shaftpower delivered to the load (helicopter 
rotor, etc.), denoted by Por is accordingly 


Pe = Pturb — Pcomp — Ps (15-31) 


If Q; denotes the rate at which heat is 
supplied to the turboshaft engine, then the 
thermal efficiency 74), is given by 


Psh 


Dad 
em —..-- 
e 


Qj 
where Q; = m, MH,, and AH, is in B/slug. 
The specific fuel consumption, denoted by 


SFC measured in lb of fuel per hp-hr, 1s 
accordingly 


Meh oke od a 
“=H y «ae-i ey . Pme ares ogi 2s: Os: 59. FEAR J 3. di 
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AMCP 706-285 
src= —2545___ (ib fuel/hp-hr) (15-32) 
~  UghMy8, 4H, 


where g,. = 32.174 slug-ft/Ib-sec?. 
15-4.1.2 SPECIFIC OUTPUT (ZL) 


If m, denotes the rate at which the turbo- 
shaft engine inducts air, in slug/sec, and Py 
denotes the shaftpower, in hp, then the specific 
output L is given by 


Poh 


& mM, 


L= (15-33) 





(hp/lb of air per sec) 


15-4.1.3 AIR-RATE (4) 


The air-rate .4 is a criterion of the size of the 
air compressor needed for developing a specified 
shaftpower P.. By definition, the air-rate is the 
quantity of air that must be inducted by the 
turboshaft air to develop one shaft horsepower 
(1- shp). The air-rate is generally expressed in Ib 
of air entering the compressor per shp-hr.Hence! 


_ 2545 (B/hp—hr) : 
A= 2 LOE (lb of air/hp—h - 
L (B/lb of air) (Ib of air/np—hr) (15-34) 


where the specific output L is in B/Ib of air. 


In the interest of small weight and dimen- 
sions for the turboshaft engine, A should be 
small. 


15-4.1.4 WORK-RATIO (UV) 


The work-ratio U is a criterion of the size of 
the turbine required for developing a specified 
shaftpower P.,. By definition! 


tu 


The larger the work-ratio, the smaller is the 
required turbine. A characteristic of all gas 
turbine type engines is that their work ratios are 
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small compared to other types of powerplants. 
For a turboshaft engine U ~ 1/3 compared to 
approximately 0.99 for a modern steam power- 
plant. 


| The reason for the small work-ratio of a gas 

turbine engine is that the turbine of such an 
engine must furnish a large amount of power for 
driving the air compressor. To obtain values of U 
exceeding approximately 0.3 the thermody- 
namic cycle for a gas-turbine type engine must 
be complicated by incorporating devices such as 
intercoolers (in the air compression circuit) and 
reheaters (in the hot gas expansion circuit) (see 
Reference 2, Chapters 6 and 7).° 


A turboshaft engine (sce Fig. 12-6) operating 
with a turbine inlet total temperature 
T? = 2,000°R will have a work-ratio U 1/3, 
i.e., 2 hp of every 3 hp developed by the turbine 
is used for compressing the air inducted by the 
engine and only 1 hp is available as shaftpower 
for driving the load. Moreover, a 5S percent 
reduction in the isentropic efficiency of the 
turbine 7, results in a 15 percent reduction in 
the shaftpower, and a 5 percent reduction in 7, 
decreases the shaftpower by 10 percent. The 
foregoing indicates why high values of n, and y, 
are essential if good performance is to be 
obtained from a gasturbine engine. 


The low work-ratio of the turboshaft engine 
makes its specific output ZL sensitive to the 
values of Np No, and the turbine inlet tempera- 
ture TO. The interdependence of L, TO, nz, and 
N- is a fundamental characteristic of gas-turbine 
powerplant engines. 


15-4.2 THERMODYNAMIC CYCLE FOR 
TURBOSHAFT ENGINE AND THER- 
MAL EFFICIENCY OF IDEAL TURBO- 
SHAFT ENGINE (nq) . 


Fig. 15-4 illustrates schematically the 
thermodynamic cycle for an ideal turboshaft 
engine, plotted in the Pv- and Ts-planes. The 
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cycle applies to both the fixed-shaft and free- 
turbine turboshaft engines (cee Fig. 15-6). The 
ideal cycle assumes the following: 


(a) Working fluid is an ideal gas. 


(b) Engine components are perfect, i.e., 
Ne = NB = N= 1.0 


(c) Chemical and physical properties of the 
working fluid do not change as it flows 
through the turboshaft engine. 


(d) Mass flow rate of flow of working fluid 
is the same at all stations in the engine. 


(e) All of the heat added to the working 
fluid is transferred to it completely and 
instantaneously. 


(f) Working fluid expands completely in the 
turbine, i.e., the static pressure of the 
fluid leaving the turbine is equal to the 
ambient static pressure P,. 


It is seen from Fig. 15-4 that the ideal cycle 
for the turboshaft engine comprises the isen- 
tropic compression process 2-3’ followed by the 
isobaric (dP = 0) heating process 3-4’, and the 
isentropic expansion process 4-5’. It should be 
noted that in the turboshaft engine all of the 
compression of the gas occurs in the compressor 
and the entire expansion process occurs in the 
turbine. For the turboprop engine in flight and 
gas-turbine jet engines a portion of the gas 
compression is accomplished by ram compres- 
sion in a diffuser located upstream to the 
compressor. Furthermore, only a portion of the 
expansion of the gas occurs in the turbine and 


the remainder is accomplished in an exhaust 
nozzle. 


The numerical results obtained by analyzing 
the ideal cycle for the turboshaft engines are of 
theoretical interest c.ily. Nevertheiess, the geit- 
eral conclusions regarding the effects of the 
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Figure 15-4. Ideal Thermodyna.nic Cycle for a Turboshaft Engine 
cycle pressure ratio (P2 /P>) and cycle temp-ra- where 
ture ratio (a2 = T? /T, ) upon the performance of 
the ideal turboshaft engine are indicative of their : ¢ fae 
influences upon actual gas-turbine p:-werplant Q= ¥ Ts cycle pressure ratio 
engines. : parameter * (15-37) 
It is readily shown that the thermal effi- a O-] 
| ciency of the ideal turboshaft engine, termed the Ahy= c)?,a (21) (15-38) 
; air-cycle efficiency which is denoted by n, ts 
2 given by ' +? 
[+4 Ahi= pT, a(@ — 1) (15-39) 
p 
f pity = Ble O—I 15-36) If the Mach number for th king: fluid is leas than M = 0.3 
h a = ee ee é “if the Mach number for the working’ fluid is leas n = QO. 
; | "a "th Q: © | ‘ the stagnation values P° and T? may be replaced by the static 
& 
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Q; = cyl, (a @Q)= heat added per slug 
of air (I 5-40) 


Eq. 15-36 shows that the au cycle efficiency 
Nq is independent of the cycle temperature, a 
surprising result which is untrue for an actual 
engine. 


15-4.3 LOSSES IN A TURBOSHAFT ENGINE 
CYCLE 


There are several aspects in which the cycle 
for a real curboshaft engine differs from the 
ideal cycle illustrated in Fig. 15-4. The major 
deviations are summarized below. 


(a) The sir inducted by the engine must 
ordinarily flow through ducting which 
introduce pressure drops at different 
state points in the cycle and may distort 
the flow pattern fcr the air entering the 
air compressor. 


(b) The air compressor does not compress 
the air isentropically, so that n, < 1.0. 
Consequently, the compressed air leaves 
the compressor at a temperature T, <T). 


(c) Some of the compressed air, approxi- 
tnately 2 percent of the total flow, is 
utilized for cooling the bearings of the 
engine and the turbine disk. 


(d) Gas-turbine engines, in general, induct 
tremendous quantities of atmospheric air 
and with it foreign material and water 
vapor. Consequently, the power require- 
ments for the air compressor are affected 
by the water vapor in the air. It is 
difficult to predict with accuracy what 
will be the effect of dust and foreign 
matter in the air upon the performance 
of an engine. Experience has demon- 
strated that operating an axial flow 
compressor in a dus:-laden atmosphere 
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for a short period of time can reduce its 
isentropic efficiency nN, by at least 2 
percentage points. 


(e) Losses occur in the burner due to inconr 
plete combustion, and heat losses by 
thermal conduction and radiation. 


({) There is a decrease is) stagnation pressure 
in the burner due to momentum change 
and friction (see pars. 3-6 and 3-7). 


(g) The turbine exhaust gas is discharged 
from the engine with a high temperature, 
above the saturation temperature for 
water vapor. Consequently, the water 
vapor formed by burning the fuel leaves 
the engine as superheated vapor and its 
enthalpy of vaporization is lost. 


(h) There are mechanical losses due to fric- 
tion in the bearings of the compressor 
and turbine, and in gearboxes, 


(i) The thermodynamic constants for the 
working fluid may have different values 
in the different components of the en- 
gine. 


G) In aregenerative turboprop engine, there 
are pressure drops in the air (cold) side 
and the exhaust gas (Hot) side of the 
regenerator. 


In view of the deviations listed above an 
exact thermodynamic analysis of the thermo- 
dynamic cycle of a gas-turbine engine is a 
tedious step-by-step procedure involving engi- 
neering judgment based on experimental data '. 


15-4.4 SIMPLIFIED ANALYSIS OF THE 
TURBOSHAFT ENGINE CYCLE 


The comments presented ir par. 15-4.3, 
while made specifically to the turboshaft engine, 
are also applicable to gas-turbine cngines in 
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generai. Similarly, the simplified thermodynamic 
analysis presented in tnis paragraph for the 
turboshaft engine applies in a general way to 
other gas-turbine engines. The simplified ther- 
modynamic analysis of the turboshaft engine 
cycle is based on the following assu:mptions: 


(a) Working fluid is a perfect gas 
(b) Effect of fuel addition is negligible 
(c) There are no pressure drops 


(d) Compressor and turbine isentropic effi- 
ciencies are adjusted to account for 
bearing and parasite losses 


(e) Specific heat ratio y 1s constant 


The numerical results obtained by employ- 
ing the simplified analysis based on the assump- 
tions iisted above are quite satisfactory for 
studies concerned with determining the general 
charactenstics of gas-iurbine engines, as in pre- 
liminary design studies. 


Fig. 15-5 compares the actual and _ ideal 
cycles for the turboshaft engine, in the Ts-plane. 


15-4.4.1 COMPRESSION WORK (4h,) 


The enthalpy added to the air flowing 
through the compressor is given by Eq. 15-11. 
Thus 


T° 
Sh, = h’ _ h? =Chy (=) Z. (B/slug of air) 
C (15-41) 
where the compression factor Z, is defined by 
Eq. 15-9. 
15-4.4.2 TURBINE WORK (Ah;) 


From Eq, 15-22, one obtains 


Ah, =hG —h, = C nT? Ly (15-42) 


Pp 
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where mm is defined by Eq. 15-27, and the 
expansion factor Z, is given by 


Z,=1 — ©, (1 5-43) 
where 
~1 
[eo VF 
O;= — (15-44) 
pe 


15-4.4.3 SPECIFIC OUTPUT (ZL) 


If Mo denotes the rate at which air enters the 


engine, xm, the amount of air bled for cooling 


purposes, and f is the fuel-air ratio; then the 
specific output LZ in B/slug of air, is given by 


4h. 
Cx(1l-x)( + f)Nyq¢ Shy -—— —2Sh, 
"Mc 
(B/slug of air) (15-45) 


where Ah, denotes the sum of the parasite 
losses. 


15-4.4.4 HEAT ADDED (Q;) 


If Ah. denotes the calorific value of the fuel, 
in B/slug, and Q, is the heat added, then 


Q; = fAh, = (1 +f)h> — h>(B/slug of air) (15-46) 
15-4.4.5 THERMAL EFFICIENCY (Nth) 
By definition 


"th ~ 


2 \> 
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If x = 0, and Ch = constant, then! po | 
(= |—] =cycle pressure ratio parameter | 

: e P, } 

ai! a : (Eq. 15-37) : 

ae ( Ne : / A 
"th “Ta —So (15-47) ; 
a3 15-4.4.6 AIR-RATE (A) | 

Nc 

where By definition (see Eq. 15 34) 
= air cycl iency = (@— 2545 

TN, = air cycle efficiency = (© 1)/0 e 7 (15-48) 
A 

_ : ny (1 —x)(1+f)dh,—- —\ — Mh 
a= T/T, = cycle temperature ratio Mt t NMc : ; 
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15-4.4.7 WORK-RATIO (U) 


By definition (sec par. 15-4.1.4) 


L. (15-49) 


where L is given by Eq. 15-45. 


15-4.4.8 SPECIFIC FUEL CONSUMPTION 
(SFC) 


The specific fuel consumption in pounds of 
fuel per horsepower-hour, denoted by SFC, is 
accordingly 


2545 


SEC =. 


where AH, is in B/Ib. 


If the analysis takes into account the pres- 
sure drops at the pertinent states in the cycle, 
then the only parasitic loss that needs to be 
considered is that for supplying the power to 
drive the auxiliary equipment. 


15-4.5 PERFORMANCE CHARACTERISTICS 
OF THE TURBOSHAFT ENGINE 


It is apparent from par. 15-4.4 that the 
performance parameters for a turboshaft engine 
~ 1.6, Neh» L, A, and U — depend on a large 
number of variables. Consequently, the design 
performance characteristics of such an engine 
are determined by selecting a reference engine 
and then determining the effect due to varying 
One parameter at a time. It should be noted that 
the performance characteristics are sets of curves 
developed for a series of engines having constant 
values for specified parameters. These param 
eters cannot be maintained constant when a 
single engine is operated over a wide range of 
conditions. Each point of a curve in a perform 
ance characteristic chart represents the perfornr 
ance of a different engine. 
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When a specific engine is operated over a 
range of conditions — such as altitude, flight 
speed, turbine inlet temperature, etc. — the 
corresponding performance curves are termed 
the Operating characteristics for the engine. 


The equations presented in par. 15-4.4 can 
be employed for determining the performance 
characteristics of turboshaft engines. 


1$-4.5.1 EFFECT OF CYCLE PRESSURE 
RATIO (@) 


If parameters — such asT, = T,. 4 Ne, and 
a= T? — are held constant, Eq. 15-47 shows 
that 7, = 0 for two conditions: (a) @ = 1 and 
(b) G = anwn,. This signifies that Trp has a 
maximum value between those two values of ®. 
The cycle pressure ratio P?/P) = PO /PO which 
yields the maximum value for Ntp 1s termed the 
optimum pressure ratio’, 


15-4.5.2 EFFECT OF CYCLE PRESSURE 
RATIO (6) AND TURBINE INLET 
TEMPERATURE (T?) 


Fig. 15-6 presents Nth aS a function of the 
cycle pressure ratio P?> /P> with the turbine inlet 
temperature T) as a parameter. Fig. 15-7 pre- 
sents the corresponding curves for the specific 
output L asa function of P? /P°. 


Fig. 15-6 presents the thermal efficiency Nth 
for turboshaft engines as a function of the cycle 
pressure ratio P?/P2 =PO/PO, with turbine 
inlet temperature T) as a parameter. For conr 
parison, the air cycle efficiency (see Eq. 15-36) 
is also plotted. Each point on every curve refers 
to a different turboshaft engine, and the param- 
eters for the reference engine are presented on 
the chart. 


Fig. 15-6 shows that, for a given value of 
TQ, increasing the cycle pressure ratio oe | ee 
increases Ny, until a maximum value is attained. 
Further increases in P9/P> causes the thermal 
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Figure 15-6. Thermal Efficiency of Turboshaft Engine As a Function of the Cycle Pressuie 
Ratio, With the Turbine Inlet Temperature as a Parameter 
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Figure 15-7. Specific Output of Turboshaft Engine as a Function of the Cycie 
Pressure Ratio, With the Turbine Inlet Temperature as a Parameter 
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ef ciency ng, to decrease (see par. 15-4.5.1). 
The curves show that although the air cycle 
efficiency n, — which applies te an ideal turbo- 
shaft engine (see par. 15-4.2.1) — depends cnly 
upon the cycle pressure ratio P) /PD, the ther- 
mal efficiency 74, for a real turboshaft engine, 
however, is sensitive not only to P? /P© Lut also 
to the turbine inlet temperature TO. 


Fig. 15-7 presents the curves correspondins 
to those in Fig. 15-6, for the specific output Z in 
B per lb of aur. It is evident that for any value of 
T°, the turbine inlet temperature, the maximum 
value for mp is obtained at a larger value of 
PO/P> than that for obtaining the maximum 
value for the specific output L. For example, for 
TS =1600°F, 1, is a maximum when 
P>/P> = 10.7, while L attains its maximum value 
when PO /PO= 6.1 


Charts such as those presented in Figs. 15-6 
and 15-7 are called design point charts and as 
mentioned earlier each point of each curve 
applies to a different turboshaft engine. The 
design point charts do, however, give some 
indication of the general manner in which 4), 
and L are affected when a specific engine 
is operated at an off-design point (condition) 
— provided one has a knowledge of the off- 
‘design behavior of the components of the 
engine. When the turboshaft engine is operated 
at a speed less than its design speed, for 
example, there is a decrease in the cycle pressure 
ratio P? /PO turbinc inlet temperature, air flow 
rate, etc. A reduction in PO /PD , causes both nep, 
and L to decrease. In general, the off-design 
values for 74}, and L are smaller than the design 
values corresponding to the reduced cycle pres- 
sure ratio*. A detailed discussion of the 
part-load performance of gas-turbine power- 
plants is presented in References | and 3. 


15-4.5.3 AIR-RATE (4) 


Fig. 15-8 presents the ait-rate A, lb of air per 
brake horsepower-hour, as a function of the 


15-18 


me ee ee we ee Tt ee - . a 


cycle pressure ratio PD /P>, with TO, the turbine 
inlet termperature, as a parameter. It is evident 
that increasing T? decreases the air-rate at all 
values of cycle pressure ratios, indicating that 
raising TO increases the work obtained per unit 
mass of air, an expected result. 


15-4.5.4 WORK-RATIO (U = L/L) 


Fig. 15-9 presents the work-ratio U as a 
function of the cycle pressure ratio P? /P> , with 
TO as a parameter. Reducing the turbine inlet 
temperature TD reduces the work ratio at all 
values of PO /PD . For current turboshaft engines 
TO = 2260°R and P°/P° ~ 11, so that U* 0.3, 
e.g., 1/3 (see par. 15-4.1.4). 


The machine efficiency 7,, of the turboshaft 
engine exerts a large influence upon the specific 
output L (see par. 1 5-3.6). 


15-4.5.5 EFFECT OF MACHINE EFFICIENCY 
(Nt) 


Fig. 15-10 presents my, as a function of the 
cycle pressure ratio P?/P> for a turboshaft 
engine having the following characteristics: 


1M = 1B = Ny = 1.0; 7, = 0.84; T, = T,= $20°R; 
T° = 2000°R 


In the same figure curves are plotted for 
different values of 7, with n, = 0.85 = constant, 
and for different values of m7; with 
No = 0.84 = constant. 


The curves in Fig. 15-10 show that reducing 
either 7, or 7, from the standard values of 0.84 
and 0.85, respectively, causes large cecreases in 
Nth Furthermore, the cycie pressure ratio 
PO /P? for the maximum value of 74, decreases 
ifeither nj, Or 7; is reduced. 


Fig. 15-11 presents the specific output Z asa 
function of the cycle pressure ratio PD /P9, with 
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Figure 15-8. Air-rate of the Turboshaft Engine as a Function of the Cycle Pressure 
Ratio, With the Turbine Inlet Temperature as a Parameter 


the machine efficiency 7,, as a parameter, and 
with TO = 1500°F = constant. 

The curves show that to increase L, both n,, 
and P?/P> have to be increased, and that for 
each value of 7, (and also of TO) there is an 
optimum value for P)/P>. Furthermore, for a 
given value of 74,, the value P? /P which is 
optimum for the specific output Z, is smaller 
than that required to give the maximum value 
for Nth (see Fig. 15-11). If Ntec > 0.75 approxi- 
mately, ZL is less sensitive to increases in the 


cycle pressure ratio than n¢p. 
Fig. 15-12 is a chart for determining the 


optimum cycle pressure ratio PQ /P> for dif-- 


ferent values of the turbine inlet temperature 


TQ and 7, (assuming 7, =2,). Increasing dO 
while holding 4, constant requires raising the 
cycle pressure ratio if the maximum value is to 
be obtained for L, the specific output. If T is 
to be maintained constant and L is to be maxi- 
mized, then if 74, is increased the pressure ratio 
p/P) must also be increased. 


15-4.5.6 EFFECT OF AMBIENT AIR TEM- 
PERATURE (T, =T,) 


The specific output of an air-breathing en- 
gine is practically proportional to the mass rate 
at which it inducts atmospheric air. Further- 
more, the work required for compressing the air 
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Figure 15-9. Work-ratio of Turboshaft Engine as a Function of the Cycle Pressure 
Ratio, With the Turbine Inlet Temperature as a Parameter 


4h,, in B/slug, is directly proportional to T? all 
other factors remaining unchanged. 


Fig. 15-13 presents my, U,A, and L as 
functions of the air intake temperature T, =T, 
for turboshaft cngines having fixed values for 
the parameters presented in the figure. The chart 
shows that the intake air temperature affects the 
design-point performance of the basic turboshaft 
engine. A low vaiue for T, is beneficial. 


15-4.5.7 EFFECT OF PRESSURE DROPS 


It is important that a turboshaft engine be 
designed so that it operates with smal! pressure 
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drops. The pressure drops which lower PO make 
it necessary to increase the pressure ratio of the 
compressor if the cycle pressure is to be main- 
tained; consequently, the compression work is 
increased. Pressure drops either upstream from or 
downstream from the turbine reduce the turbine 
expansion ratio P?/P? and hence, the specific 
output of the turbine L,. 


Fig. 15-14 presents Ntp, and L as functions of 
P$/PS for a turboshaft engine, with pressure 
drop AP, asa parameter. If AP,= 0.2 one with 
PS /PO = 8, the thermal efficiency Ny, decreases 
from 0.26 to 0.19 and Z from 58 B/Ib of air to 
42 B/lb of air, compared to the engine with 
AP, = 0. 
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15-4.6 MODIFICATIONS TO BASIC TURBO- (b) intercooling ~ which reduces the work | 
| SHAFT ENGINE TO IMPROVE ITS of compression and increases the specific 
, PERFORMANCE cutput; and 
The following modifications to the basic (c) reheating — which increases the specific 
, gas-turbine powerplant cycle have been applied output of the powerplant. ) 
f } in several stationary gas-turbine powerplants: Detailed discussions of these cycle modifi- 

; | . . cations are presented in Reference 2, Chapter 2. 
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Figure 15-11. Specific Output of Turboshaft Engine as a Function of the Cycle 
Pressure Ratio for Different Values of Machine Efficiency 
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Figure 15-12. Turbine Inlet Temperature T° as a Function of the Optimum Cycle 
Pressure Ratio for Maximum Specific Output (Turboshaft Engine) 
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Figure 1S-13. Effect of Air Intake Temperature (T,, = T,) Upon the Designpoint 
Performance Characteristics of Turboshaft Engine 


marine gas-turbine powerplants, where weight 
and volume limitations are not as severe as they 
are for aircraft and ground vehicle turboshaft 
engines. Currently, the application of regenera- 
tion to turboshaft engines for helicopter and/or 
ground vehicle application is receiving serious 
developinent and engineering test. 
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15-5 PEGENERATIVE TURBOSHAFT  EN- 


GINE 


The thermal efficiency of the turboshaft 
engine can be raised by incorporating a gas-to- 
gas heat exchanger, called a regenerator, in the 
manner illustrated schematically in 
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Figure 15-14. Effect of Pressure Drop on the Specific Output and 
Thermal Efficiency of Turboshaft Engine 


Figs. {5-15(A) and 15-15(B). The compressed 
air discharged by the air compressor C flows 
through the cold-side of the regenerator R and Is 
heated by the hot gas discharged from the 
turbine T that flows through the hot-side of the 
regenerator. A portion of the enthalpy of the 
turbine exhaust gas is transferred to the com- 
pressed air entering the bumer B. Consequently, 
h,, oh, and less fuel is required to raise the 
temperature of the working fluid to the turbine 
inlet temperature T?. 


_5-5.1 THE REGENERATION PROCESS 


The compressed air and the turbine exhaust 
gas — hereafter termed the hos gas — flowing 


through the regenerator may be arranged to 
form either a counterflow heat exchanger, as 
Ulustrated in Fig. 15-15, or a parallel flow heat 
exchanger. 


Let hD denote the specific stagnation en- 
thalpy for the air entering the cold-side of the 
regenerator, h’ the specific stagnation enthalpy 
for the hot gas entering the Aot-side, and Shp 
denote the specific enthalpy available for heat 
transfer in the regenerator. Thus* 


Ahp =h? — h?=h, —h, (B/slug) (15-50) 


*Usually the flow velocities in the regenerator are small enough 
thut the static values may be employed. 
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Figure 15-15. Component Arrangements for a Regenerative Turboshaft Engine 
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As a result of the heat transfer, the specific 
enthalpy of the compressed air is raised from h 
to h, ,- simultaneously, the specific enthalpy of 
the hot gas decreases from h , toh,. 


Let QR denote the amount of heat trans- 
ferred from the hot gas to the compressed air. 
Then 


Og =m, (ho —hO)=m, (ho, —h$) (15-51) 


where 


mM, = mass rate of flow of hot gas, slug/sec 


m., = mass rate of flow of compressed air, 
slug/sec 


Let Cyhq andc¢,,o denote the mean values of 
the specific heats of the compressed air and hot 
gas, respectively, for their respective tempera- 
ture ranges. Then 


Mg Cya(T , —T,)= Mgcy, (T, —T, ) (B/sec) 
(15-52) 


15-5.1.1 REGENERATOR EFFECTIVENESS 
(€p) 


By definition, the regenerator effectiveness 
(also called the thermal ratio), denoted by er; is 
given by 


. Gtrans | Malay — Ry) 
Qavail mo(h, hs) 


m.,C..(T., —T,) 
= toe (15-53) 
MCh T, — T, ) 


For engineering purposes it introduces no 
Significant error if one assumes _ that 
mc... = m,c.,. Hence 

apa 8 Pk 
Ty, — Ty; 7 T, Pade 


se a (15-54) 
' T, ne T, -7T, 
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In most designs the velocities of the air and hot 
gas are kept low enough to avoid excessive 
pressure drops in the cold-side and hotsside, 
respectively. Consequently, the stagnation values 
are not used in Eqs. 15-53 and 15-54. 


The heat not recovered in the regenerator, 
denoted by Xp, is given by 


Ap =1-ep (15-55) 


15-5.1.2 EFFECT OF PRESSURE DROPS IN 
THE REGENERATOR 


To obtain a high thermal efficiency from a 
regenerative turboshaft engine, the pressure 
drops AP, and AP for the cold-side and 
hot-side of the regenerator must be kept low. 
This requirement is inconsistent, however, with 
the demand that the convective heat transfer 
rates be as large as possible. 


The pressure drop AP, reduces the cycle 
pressure ratio P,/P, below that for the air 
compressor P,/P,. Similarly, the pressure drop 
AP, increases the turbine back pressure. 

Let Ah, , denote the decrease in the specific 
output of a regenerative turboshaft engine due 
to pressure drops in the regenerator. It can be 
shown that? 


AP, 


es | AP 
Oh. * z73.c+i(*!) Tet —&+_§ 
| (Pp) (Pa). 


(15-56) 


where 


f=m,/m, = fuel-air ratio for the regenera- 
tive turboshaft engine 


Y= mean specific heat ratio for the air 
flowing through the cold-side of the 
regencrator 
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T= the isentropic value of T, based on 


AP, = AP, = 0 


(P,), = pressure of air leaving the compressor 


based ori AP, =0 


(P.), = pressure of hot gas ieaving the turbine 


based on AP, =Q 


AP. = pressure drop in cold-side of the regener- 
ator 


AP, = pressure drop in hot-side of the regener- 
ator 


n= isentropic efficiency of the turbine (see 
par. {S-3.4.2) 


Eq. 15-56 is an approximate equation which 
expresses the loss in specific output, in B/slug of 
! air, in terms of the pressure drops AP, and AP,,. 
| If AP, = AP,, then APg has a larger deleterious 
effect upon the thermal efficiency of the regen- 
erative turboshaft engine. 


In preliminary design point studies, it is 
convenient to neglect the influence of AP, and 
APe upon the actual pressures in the engine 
cycle, and to subtract the loss Ah,, from the 
: output of the basic turboshaft cycle. The value 
! : of Ah, ,, in B/slug of air, in general, increases 
: with the regenerative effectiveness ep. The 
values Of Ah, , listed in Table 15-2 asa function 
of ep, are recommended for preliminary studies 
only. For an accurate performance analysis the 
actual cycle pressures should be employed to- 
gether with pertinent experimental data. 


. as 
‘ ” ee A Oe yo © q 


For aircraft applications the requirement of 
lowest possible regenerator weight indicates that 
to achieve values of ep * 0.9 would require 
rotary regenerators. 
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TABLE 15-2 


VALUES OF LOSS IN SPECIFIC OUTPUT 

(Ah, , ) AS A FUNCTION OF REGENERATOR 

EFFECTIVENESS (ep) (FOR APPROXIMATE 
PRELIMINARY DESIGN STUDIES) 


Ah, , (B/slug of air) 






15-5.2 REGENERATOR HEAT TKANSFER 
SURFACE AREA AND REGENERA- 
TOR EFFECTIVENESS 


The required regenerator heat transfer sur- 
face area denoted by S, the regenerator effec- 
tiveness ep, and the shalt hersepower of the 
engine Py, are related by 


ae e 
S/Pa = 6 A *R 


pa U AR (15-57) 


where 
A = the air-rate, slug of air per hp-hr 


U = the overall heat transfer coefficient for the 
regenerator, B/(hr) (sq ft) (°R) 


S = effective heat-transfer surface, sq ft 


Poy 2 shaft horsepower of the engine 


15-5.3 CYCLE ANALYSIS FOR REGENERA- 
TIVE TURBOSHAFT ENGINE 


The analysis is based on the sume assuimp- 
tions as those for the turboshaft engine (sec 
par. 1$-4.4). 
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15-5.3.1 TEMPERATURE OF AIR LEAVING 
AIR COMPRESSOR (T, ) 


From Eq. 15-13, s ace T, = T,» one obtains 


1,=T. aeons 





) (15-58) 
Re 

where cycle pressure ratio parameter © Is given 

by 


y—-1 
oF a 
Py 


1 5-5.3.2. TEMPERATURE OF GAS LEAVING 
TURBINE (T,) . 


From Eq. 15-27, replacing T2 by T,, one 
obtains 
T,=T,—4(0,-T)) (15-55) 


The isentropic turbine exhaust temperature 
T. is given by 


a | 
2 = 7 (15-60) 
Introducing the cycle temperature _ ratio 
a=T,/T, and Eq. 15-60 into Eq. 15-58, yields 


T, = aT, (1 — 7,74) (15-61) 


where 7, is the air cycle efficiency given by 
Eq. 15-36, and © is the cycle pressure ratio 
parameter given by Eq. 15-37, with P?/P, re- 
placed by P,/P,. 


15-5.3.3 HEAT SUPPLIED THE REGENERA- 
TIVE TURBOSHAFT ENGINE (Qip) 


The heat added to the working fluid is the 
enthalpy change (h, —h,) less the heat Qp 
transferred to the compressed air flowing 
through the regenerator; Qp depends on the 
regenerator effectiveness ep. Hence 
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Cc 
Qir = = (T, -T,)-ep(T,-T,)} (15-62) 


Substituting for T, and a. from Eqs. 15-58 and 
15-60, respectively, into Eq. 15-62, yields 


T 
Qir = - (ay — z) 


(15-63) 
where 
y=1—(1—nyngdep (15-64) 
and 
7] 
2=(1-egi(I +0 “) (15-65) 
Ne 
where 
p \2! 
© = a iz = QO-1 15-66 
(7) and Ne 6 (15-66) 


15-5.3.4 SPECIFIC OUTPUT OF REGENERA- 
TIVE TURBOSHAFT ENGINE 
(LieyTy) 


Assuming, for convenience, that the mechan- 
ical efficiencies Mc = ™Mt = Zp = 1, the specific 


Output for 2 regenerative turboshaft engine is 
given by 


L=cT ( — _ 7.,(B/slug of air) 
po Ne a 


The dimensionless specific output LiepT, is 
accordingly 


: iz 9 
= —— In 
¢yT, \ t Ne “a 


Eq. 15-67 applies to both the turboshaft and 
regenerative turboshaft engines. 





(15-67) 


15-29 
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15-5.3.5 THERMAL EFFICIENCY OF RE- 


GENERATIVE TURBOSHAFT 
ENGINE (ny) 


The thermal efficiency is obtained from 
Eqs. 15-63 and 15-67, Thus 


ie) 
nya — % | 
a Ne 


~— 2 / 


(15-68) 


Eq. 15-68 is a general expression for the 
thermal efficiency of a gas-turbine powerplant 
engine. It applies to both the regenerative and 
nonregenerative turboshaft engines. The numerr 
cal results obtained from Eqs. 15-67 and 15-68 
are sufficiently accurate for obtaining the per- 
formance characteristics for turboshaft engines. 


To apply Eq. 15-68 to a turboshaft (nonre- 
generative engine), one sets ep =O, so that 
y=], andz=1+ Cna/Ne- Substituting the later 
values for y and z into Eq. 15-68, one obtains 
Eq. 15-47, the thermal! efficiency equation for 
the turboshaft (nonregencrative) engirie. 


15-5.3.6 WORK-RATIO FOR REGENERA- 
TIVE TURBOSHAFT ENGINE (U) 


The incorporation of a regenerator in the 
cycle has no effect on the work-ratio U, which is 
given by 





ys £=1- iS, 
Lt 


(15-69) 
aN¢Ne 


Eq. 15-69 applies to turboshaft and regenerative 
turboshaft engines (see par. 15-4.4). It shows 
that — for fixed values of No» Typ and © — in- 
Creasing the cycle temperature ratio G increases 
U. 
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15-5.4 PERFORMANCE CHARACTERISTICS 


OF THE REGENERATIVE TURBO- 
SHAFT ENGINE 


Fig. 15-16 presents calculated values of ther- 
mal efficiency (Eq. 15-68) and dimensionless 
specific output (Eq. 15-67) as functions of the 
cycle pressure ratio P,/P,. In the chart, the 
cycle temperature ratio a= T,/T, and the re- 
generator effectiveness €p are parameters. 


It is seen from Fig. 15-16 that for each value 
of a there is an optimum pressure ratio which 
maximizes the thermal efficiency. The curve for 


€p = 0 corresponds to the turboshaft (nonregen- 
erative) engine. 


There is also an optimum pressure ratio 
which maximizes the output. When the specific 
Output is a maximum the air rate .1 is a 
minimum. 


The pressure ratio for optimizing Nth 1s 
smaller than that for optimizing L. 


In general, increasing Cp always increases the 
thermal efficiency 74, of the engine, but reduces 
the optimum value of P,/P,, that gives the 
maximum value of 7. The reduction in the 
optimurn cycle pressure ratio results in an 
increase in the air rate 4, so that the turbo 
machines for a given power output tend to 
become larger dimensionally. 


Fig. 15-17 presents the thermal efficiency 
Nth aS a function of the cycle pressure ratio 
P,/P,, with the regenerator effectiveness €p asa 
parameter, for three different turbine inlet 
temperatures; viz, T) = 1209°F,1350°F, and 
1500°F. 


15-6 TURBOPROP ENGINE 
The essential features of the turboprop 


engine were discussed in par. 12-2.6 and are 
illustrated schematically in Fig. 15-18. The 
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Figure 15-16. Thermal Efficiency and Specific Output as Functions of Cycle Pressure 
Ratio for Regenerative Turboshaft Engines 
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Figure 15-17. Thermal Efficiency for Regenerative Turboshaft Engines as a Function 
of Cycle Pressure Ratio, With ep as a Parameter, for Three Different 
Turbine Inlet Temperatures 


turboprop engine differs from the turboshaft 
engine in that it develops a small amount of jet 
thrust as well as shaft power. In other words, of 
the total amount of enthalpy decrease between 
stations 4 and 6, the portion (hO —h_) occurs 
in the exhaust nozzle; the latter produces a 
significant jet velocity. Hence, if Ah, and Sh, 
denote the specific enthalpy drops in the turbine 
and exhaust nozzle, respectively, then (see 
Fig. 15-18(D)) 


ho —h, = Ah, + Ah, (B/slug) (15-70) 
15-32 


The enthalpy drop Ah, furnishes the energy 
for driving the air compressor, gearbox, and 
aircraft propeller, and Sh, is the specific en- 
thalpy which is converted into the Jet kinetic 
energy Vi /2. Ordinarily, the engine designer 
endeavors to achieve a ratio of Ah;,/Ah,, at the 
design point, that maximizes the thrust power 


Pr. 
15-6.1 THERMODYNAMIC ANALYSIS OF 
THE TURBOPROP ENGINE CYCLE 


The thermodynamic cycle for the turboprop 
engine is illustrated schematically in 
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Figure 15-18. Component Arrangement and Thermodynamic Cycle for the Turboprop Engine | 
/ Fig. 15-18(D), and it applies to  fixed- in diffusing the air entering the engine. is given 
shaft; free-turbine, and twin-spool con-  by* 
figurations. 


Ahy=h> —h> (B/slug) 


. If f denotes the fuel. air ratio for the burner. 
x the fraction of the inducted air flow IN, that is 
bled from the air compressor for cooling und 


-— em ec I ek. ete eee. 


State point 2 (Fig. 15-18(D)) depends upon 
the flight speed V, of the vehicle propelled by 
m the turboprop engine and the characteristics of *If the Mach number M_< 0.3, the stugnation values h”, P”, tT. 
ack the air inlet-diffuser system. The work expended cles: anay: He @eplicod: Bs’ We state Wolues. i, PT, ate: 


1S-33 


ee eee a ro 


pie IO og en ME te 


PCE SEES 7s IE SEPA VNENE TE, Move RAR RVG A 8 1 roto ae 








ce RT Te CMTE PT 


| 


oo [- 





as aves s ~*~ 


ot hat 


i 


AMCP 706-285 


other purposes, h? the stagnation specific en- 
thalpy of the hot gas entering the turbine (or the 
HPT, Fig. 15-18), and h? the stagnation specific 
enthalpy of the gas discharged by the turbine (or 
the LPT), then the work delivered by the 
turbine per slug of inducted air is given by 


~~. 


Ah,= (ho -—h?) (1 +f) (1 — x) (15-71) 


Of the turbine work Ah,, an amount equal 
to Ah,/ny. is required for driving the air 
compressor, where Nay, is its mechanical effi- 


ciency. Hence, the work delivered to the gear- 
box, denoted by Ne is given by 


Ah, = nyeAhy — Abo/nMic (15-72) 


where yz is the mechanical efficiency of the 
turbine. 


15-6.1.2 PROPELLER THRUST HORSE- 
POWER (Porop) 

If n, denotes the mechanical efficiency of 

the reduction gearbox, the shaft work delivered 

to the propeller denoted by W prop: is given by 


Worop = ngAh, (B/slug of ai (15-73) 
Let ma, denote mass flow rate of inducted air 
and 7 


‘pro the propulsive efficiency of the 
aircraft propelier, then the thrust horsepower 
(thp) delivered by the propeller denoted by 


Porop’ is accordingly 


prop — Bom,ne(n Ah; — Ah, /nnge) TT (thp 


5 
(15-74) 


where g. = 32.174 slug-it/Ib-sec? , m, is in slug/ 
sec, and Ah, and Ah, are in B/slug. 


15-34 


Ne 


15-6.1.2 JET THRUST POWER (Py) 


Let Py; denote the thp developed by the 
exhaust jet; the effective jet velocity is V;. Thus 


j 
Vj =v 2(h? = h,) 


The jet thmst F; is given by 


(15-75) 


F)=m,(1+f)(1—x)(¥j— Vo) 


Hence 


Yo 
Py; d= gcin (14f)(1-x)(Vj—V,) =ertikp) 


(1 5-76) 


where V, is the flight speed in fps, x is the 


fraction cf m, bled for cooling purposes, and f is 
the fuel-air ratio. 


15-6.1.3 TOTAL THRUST HORSEPOWER 
FOR TURBOPROP ENGINE 


(P turboprop) 


The total thp developed by the turboprop 
engine, denoted by P turboprop: Is given by 


= 15-77 
P turboprop P prop * Tj eres 


For information on the aircraft propeller the 
reader is referred to References I, 6, and 9. 


15-6.2 P “FORMANCE CHARACTERISTICS 
FOR THE TURBOPROP ENGINE 


The static performance of the turboprop 
engine (i.e., V. = 0) is identical with that for the 
corresponding turboshaft engine. Hence, the 
discussions under par. 15-4 are applicable to the 


turboprop ‘engine under static operating condi- 
tions. . 














Fig. 15-19 presents the SFC of the turbo 
prop engine as a function of the compressor 
pressure ratio PO /P2, with the flight speed V_, 
in mph, as a parameter. The curves are based on 
the assumption that (P?/P, = Po /PS) (see 
Fig. 15-18). The curves show that increasing the 
compressor ratio improves the fuel economy of 
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jet, with the flight speed as a parameter. It is 
apparent that the optimum division of the 
energy suppliec to the engine — between the 
exhaust nozzle and the turbine — from the 
viewpoint of minimum SFC, varies with the 
flight speed. In general, the optimum division of 
energy is obtained when P?’/P, = PY /PO . In the 
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region where the energy in the exhaust Jet in 


the engine at all flight speeds. 
near the optimum value, both the SFC and the 


Fig. 15-20 presents the SFC asa function of Py are not affected appreciably by relatively - 
the percent of the total energy in the propulsive large changes in Vj Consequently, the ratio : 
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Figure 15-19. SFC AsaFunction of Compressor Pressure Ratio With 
Flight Speed as a Parameter (Turboprop Engine) 3 
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Figure 15-20. SFC Asa Function of the Percent of Energy in Jet, With Flight 
Speed as a Parameter (Turboprop Engine) 


4h, /Ah, in a turboprop engine is more apt to be 
based on the consideration of minimum engine 
weight — including the weight of the propeller, 
and reduction gearbox — than on the minimum 
SFC. 


15-6.2.) EFFECT OF ALTITUDE AND TUR- 
BINE INLET TEMPERATURE 


Fig. 1S-21 illustrates the effect of turbine 
inlet temperattire at static sea level and at 
30,000 ft altitude with a flight spced of 400 


15-36 


mph. It is seen that under static sea-level and 
altitude conditions the minimum SFC is ob- 
tained with compressor pressure ratios of 20 to 
i and 60 to 1, approximately, for turbine inlet 
temperatures of 2000°R and 3000°R, respec- 
tively. Fig. 15-22 illustrates the effect of altitude 
and turbine inlet temperature on the specific 
power. For each value of T© the specific power 
obtained from the ergine is larger at the higher 
altitude (30,000 ft). The beneficial effects of 
altitude upon both the SFC and specific power 
indicate that the best performance is obtained if 
the flight is conducted at a high altitude. 
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Figure 15-21. Effect of Altitude on the SFC of Turboprop Engines 
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15-6.2.2 EFFECT OF MACHINE EFFICIENCY 
(ny.) AND TURBINE INLET TEM- 
PERATURE (T° ) 


Figs. 15-22(A) and 15-22(B) illustrate the 
potential gains in the specific power of turbo- 
prop engines resulting from increasing 1, 1+, 
and T2. It is apparent that research and 
development efforts for raising the allowable 
turbine inlet temperature T? should be encour- 
aged. Successful developments in that field will 
contribute materially to reducing the size and 
weight of gas-turbine cngines for a given power 
Output. 


15-6.3 OPERATING CHARACTERISTICS OF 
TURBOPROP ENGINE 


Fig. 15-23 presents the operating characteris- 
tics of a typical tuiboprop engine. 


15-7 GAS-TURBINE JET ENGINES 


The gas-turbine jet engines to be discussed 
here are the turbojet and turbofan engines for 
propelling aircraft at subsonic speeds (see pars. 
12-2.1 and 12-2.3). The general thrust equations 
for gas-turbine jet engines are presented in 
paragraph 12-3. 


Fur a simple turbojet engine, the thrust 
equation is Eq. 12-11, which is repeated here for 
convenience. Thus 


F = m,(V; — V,)=m,Vj(1 —v) (Ib) (15-78) 


For a turbofan engine the thrust equation is 
given by Eq. 12-’5. Thus 


F= (m,+my) vi- m,V,+ Map (Vip— Vo ) 


(15-79) 
or 
. 1 + . 
F = mV, (=! _ ) +m,fFV, (VE —1) 
(15-79a) 


15-38 


where 
v= V/V; and VR = Vo/ViF 


The mean effective jet velocity Vir for the 
turbofan engine is given by Fq. 12-)6. In 
that equation 


B = m,p/m, = bypass ratio 
15-8 TURBOJET ENGINE 


Fig. 15-24 illustrates the arrangement of the 
components for the turbojet engine and its 
thermodynamic cycle plotted in the Ts-plane. As 
pointed out in Chapter | 2, the inlet-diffuser, air 
compressor, combustor, and turbine constitute a 
gas-generator for supplying the propulsive nozzle 
— between Stations 6 and 7 in Fig. 15-24 — with 
a high temperature, high pressure gas. 


Fig. 15-24(A) illustrates the flow circuit for 
the turbojet engine, and Fig. 15-24(B) its 
thermodynamic cycle. 


Because of energy loss in the air intake- 
diffuser system, the diffusion process (0-2) is 
not isentropic, and the total pressure of the air 
leaving the diffuser PQ <PO. The air compres- 
sor (axial or radial flow) raises the total pressure 
of the air from P® to PO. In the burner (3-4) 
there is a decrease in the total pressure of the 
working fluid (see par. 15-3.3). If AP, , denotes 
the decrease in stagnation pressure in the burner, 
then P? is accordingly 


P, =P) — AP,, (15-80) 


The most significant characteristic of the 
turbojet engine cycle is that the work done by 
the gases which expand in flowing through the 
turbine is exactly equal to that required to drive 
the air compressor plus the engine auxiliaries. 
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An accurate thermodynamic analysis of the 
turbojet engine cycle is time-consuming and 
fequires a step-by-step calculation of each 
process, taking into account the changes in the 
mass flow rates of the working fluid, the change 
in its chemical composition, the fact that its 
specific heat varies with the temperature, the 
different energy losses that are encountered, etc. 
For a preliminary design analysis for obtaining 
general performance characteristics (see Ref. 2, 
Chap. 7), such an analysis is unwarranted. 


The component efficiencies for the gas- 
turbine jet engines are discussed in par. 15-3 and 
will not be repeated here. 


15-8.1 DIMENSIONLESS HEAT ADDITION 


FOR TURBOJET ENGINE (<2 


Copl, 


The heat supplied to a turbojet engine in 
flight, denoted by Q,, is given by 


Cc. 
Q; = -" (T° — T°) (B/slug of air) (15-81) 


From Eqs. 15-7 and 15-13 


TO _7o @-1\ 
+——2 = 7° {1+ —£— } (15-82) 
Ne Ne 





T= T; 


Combining Eqs. 15-81] and 15-82, and noting 
that T? =a T?, T? = agT° and a=aga, , one 
obtains on rearranging terms 


QB 1 fa 
—— = —d4 |— 7. -7,.—-9 +1) (15-83) 
Cpl Ne a(z, c ‘cu §e 


where O.= TO’/TO = cycle pressure ratio 


parameter (see Eq.1 5-8). 


The parameter Qinp/c T, is called the 
dimensionless heat addition. Eq. 15-83 can be 


> 
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employed for determining the influences of M,, 
©., a, and n,. upon the heat which must be 
supplied to the turbojet engine. 


15-8.2 TURBINE PRESSURE RATIO (PO /P? ) 
A characteristic of the turbojet engine is that 
Ah, = Ah, (see Eqs. 15-11, 15-24, and 15-28). 


From those equations it is readily shown that if 
e r) = ~ = — 2 
it is assumed that Coc ~ Cot = Cp, then 


7-1 
Or= 1 — = po 
11 Nte 4 


where Nt = machine efficiency (see par. 15-3.5). 





(15-84) 


oh [ag 


15-8.3 DIMENSIONLESS ENTHALPY 
CHANGE FOR THE PROPULSIVE 


Sh, 
NOZZLE 
| Cyl 0 


It is assumed that the propulsive gas ex pands 
completely in the exhaust nozzle, i.c., P, =P,. 
Then 





1 Qe ~ Oot ) 
Loo, fee=2e 
On € a. Ntc qc 


(15-85) 
See Eqs. 15-3, 15-4, 15-8, and 15-84. 


The enthalpy change for the propulsive noz- 
zle, denoted by Ah, (see Eq. 15-29), is given by 


Ahy = cpyaTe (1 — O,)ny, (15-86) 


Since the flow from Siation 5 to Station 6 
(see Fig. 15-24) is adiabatic Te = Te so that 


tT?’ - T9 
Te =TQ=T?-- ~——+ (15-87) 
Ne 
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Figure 15-24. Thermodynamic Cycle and Component Arrangement for the Turbojet Engine 
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: 
Substituting Eq. 5-87 into Eq. 5-86 and It can be shown that? 
rearranging, one obtains 
; Ah. \t/2 _ 1/2 
a. Sh, saa aa (8 1] Mn A (3) -M, te) (15-91) 
ad Col "ec Cc Ne p 
1, Me ; In Eq. 15-91 the first parameter on the 
, Xd - —— right-hand side is calculated by means of 
O-(1+ng(aq— 1) (21 Mte— (86-1) Eq. 15-88. _ 
(15-88) 
: 15-8.5 THERMAL EFFICIENCY OF TURBO- 
_ 2 : JET ENGINE (ng) : 
where a, rake: , @g=T, /T,,a=T? /T,, 
: and ©, = T?'/T9. By definition . 
j 
The parameter Ah,/c,T, is termed the 4h, Vv? FV. 
dimensionless enthalpy change for the propul- = Oo. — 30. = (15-92) 
sive nozzle (see Fig. 15-25). : Qi a ie ‘ 
} 
Fig. 15-25 presents the dimensionless en- The thermal efficiency nj, is primarily of 
( Ah, /¢pT,) as a function of the compressor the overall efficiency 7, which is discussed in 
pressure ratio P) /P>, with .the flight Mach the next paragraph. 
number M, as a parameter. 
15-8.6 OVERALL EFFICIENCY OF TURBO- 
15-8.4 DIMENSIONLESS THRUST PARAM- JET ENGINE (n,) 
; ETER (A) 
By definition n,, is given by (see Eq. 12-28) 
The specitic thrust also called the air specific iy 
impulse, denoted by I, is given by Eq. 2-42 (see _ 2 e.. 
also par. 12-6.1). Thus "Mo "thp m oH, Salida 
: Fg. where from Eq. 12-28, the ideal propulsive 
[,=—— (sec) (15-89) efficiency Np is given by 
: a 
By definition, the dimensionless thrust pa- a" Dy (15-94) 
rameter A is given by? I+ 
It can be shown that? 
x I, ‘j 1] 1/2 
’ e i Ba a Ge a) (15-90) _] 
< PB g . fo AM, (51) 
| No 2nBNe¢ y 1 
; an.— (1+ — M?2\(n.+@,—1 
: & where c= 6 2c,Ty = maxinuan tsentropic : 2 ) 
j speed, (15-95) 
2% 15-43 
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Figure 15-25. Dimensionless Enthalpy Change for Propulsive Nozzle as a Function 
of the Compressor Pressure Ratio, With Flight Mach Number 
as a Parameter (Turboiet Engine) 


15-8.7 PERFORMANCE CHARACTERISTICS 
OF TURBOJET ENGINE 


The equations in the preceding paragraphs 
are useful for determining the performance 
characteristics of the turbojet engine. Each point 
On a characteristic curve represents a different 
engine. Detailed consideration of the characteris- 
tics curves for a turbojet engine are presented in 
References 2 and 7. 
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15-8.7.1 EFFECT OF CYCLE TEMPERA- 
TURE RATIO (a) AND COMPRES. 
SOR PRESSURE RATIO (P°/P2) 
FOR. CONSTANT FLIGHT SPEED 


Fig. 15-26 illustrates the effect of a= T?/T, 
and P?/P> on the subsonic flight performance 
of the turbojet engine. In the figure No and X. 
are plotted as functions of ©,, P® [PS , and a. 
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Figure 15-26. Dimensionless Thrust Parameter \ and Overall Efficiency No 
as Functions of the Compressor Pressure Ratio (Turbojet Engine) 
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The curves are for M, = 0.82 at an altitude of 
30,0C0 ft. 


Curve A, Fig. 15-26, presents n, as a 
function of @, with a= T/T, = 5.0 = constant. 
As @, is increased, the overall efficiency 2, 
increases rather slowly and approaches a maxt 
mum value at approximately ©, = 2.3; i.e., 
Po /P> ~ 19 to 1. The curve for n. =f(G,) for 
a= 5 is rather flat beyond ©, = 1.75. 


Curve B, Fig. 15-26, presents n, = f(a) for 
Q, = 1.932 = constant; ie., P)/P5 = iG to 1. 
The curve shows that if the state of the art 
pertaining to air compressors Jimits the compres- 
sor pressure ratio, from an isentropic efficiency 
standpoint. little improvement in TSFC is 
achieved oy increasing the turbine iniet tempera- 
ture TO above a certain value at the altitude 
being considered. The curve for n, =/f(a), for 
©, = 1.932, decreases rather slowly for a wide 
range of values of a. It is essential that @ have a 
sufficiently large valuc, however, because NG 
decreases rapidly when a is less than 3. If ©, is 
limited, the value for a should be that which is 
consistent with reasonable overall efficiency and 
long engine life. 


Eq. 15-93 shows that 7, is the product of 
Np, and n,. The thermal efficiency 7, increases 
with Ah,, and the latter increases with 
a=T9/T9O (see Eq. 15-88). The ideal propulsive 
efficiency Ty» On the other hand, decreases as V: 
increases; i.e., as Ah, increases. Hence, if the 
flight speed V, is constant, as assumed in this 
discussion, the value of Np decreases as the cycle 
temperature ratio a is increased. Hence, if V, is 
constant, ny, increases while 7,. decreases as a is 
raised. These characteristics es Nth and 7, cause 
the curve B for n, =f(a) to be quite flat for a 
large range of values fora. 


Curve C, Fig. 15-26, presents the dimension- 
less thrust parameter A (see Eq. 15-90) as a 
function of ©, for a= 5.0 = constant. The 
curve shows that the maximum specific thrust 1s 
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obtained at a relatively low compressor pressure 
ratio; 1.¢., at approximately 0. =1.6 or 
P)/P) = Stol. 


Curve D, Fig. 15-26, presents A» as a function 
of a for P? /P> = 1C. It shows that A increases as 
a increases. A comparison of curves B and D 
hows that although 7, decreases slightly <s a is 
increased, im the range under consideration, large 
values of specific thrust can be obtained only by 
increasing the turbine inlet temperature TO. For 
a fixed value of compressor pressure ratio 
P)/P>, the iiigher TO the larger will be thrust 
per unit area (F/Aj-) for the turbojet engine. 


15-8.7.2 EFFECT OF FLIGHT MACH NUM- 
BER (M,) AND CYCLE TEMPERA- 
“TURE RATIO (a) ON THE DIMEN- 
SIONLESS THRUST PARAMETER 
(A) 


Fig. 15-27 presents the dimensionless thrust 
parameter A and 7, as functions of the cycle 
temperature ratio a=T2/T,, with the flight 
Mach number as a parameter. Curves are 
presented for two different compressor pressure 
ratios P?/P? = 4 to | and 12 to 1. It is seen that 
for any value of a, increasing the flight Mach 
number M_ causes A to decrease. For any value 


oO 
of M,, however, increasing a@ increases A. 


15-8.7.3 EFFECT OF FLIGHT SPEED AND 
COMPRESSOR PRESSURE RATIO 
(Po /P°) ON PERFORMANCE OF 
TURBOJET ENGINE 


Fig. 15-28 presents the specific thrust I, and 
the TSFC as functions of the compressor 
pressure ratio P)/P> for different values of the 
flight speed — i.e., SOO, 1000, and 1500 mph — 
at an altitude of 30,000 ft. The curves show that 
in the range of compressor pressure ratios 
employed in current turbojet engines (6 to 
16 approximately), the flight speed exerts only a 
small effect on the thrust specific fuel consump- 
tion TSFC. The specific thrust I, in the same 
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a | ! 
| range of compressor abe acca ratios, decreases 15-9 TURBOFAN ENGINE ! 
| markedly when the flight speed exceeds 1000 
| ‘ mph. The essential features of the turbofan en- | 
: . The curves show that the optimum values of 81€s nae presented in par. 12-4.4, and illustr ated . ) 
: t po [PO for I, and TSFC both decrease as the schernatically in Fig. 12-5. From the point of 
| ! flight speed is increased. When the flight speed view of analysis it is convenient to assume that | 
_ ' V, * 1500 mph, the compressor pressure ratio the hot gas and cold air-streams are ejected from | 
a 7 for maximizing I, reduces to | to I, indicating _ ENEUIC Uhrough two separate nozzles, as 
| that turbo-machinery is unnecessary. The re- ulustrated in Figs. | 5-29(A) and 15-29(B); 
! quirement for maximum 1, would be satisfied which illustrate schematically the arrangements 
| by a ramiet engine. of the components for an aft-fan and a 
: 15-48 | 
, 4 | 
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ducted-fan turbofan engine, respectively. A 
turbofan engine, like a turboprop engine (see 
par. 15-6), accelerates the hot gas from the hot 
gas generator to the effective jet velocity V: (see 
Fig. 15-29) but it also accelerates a large flow of 
cold air to a smaller effective jet velocity Vir 
(see par. 12-4.4 and Eqs. 12-16 and 12-17). For 
convenience it is assumed that the propulsive gas 
from the hot gas generator and the cold air from 
the fan are ejected through individual nozzles, as 
Ulustrated in Fig. 15-29. 


15-9.1 DEFINITIONS PERTINENT TO THE 
TURBOFAN ENGINE 


The parameters discussed below are pertin- 
ent to the analysis of the turbofan engine for the 
purpose of developing the equation for its 
performance characteristics. The interest here is 
in turbofan for subsonic aircraft. It is assumed 
that converging propulsive nozzles are employed 
for ejecting the individual streams of hot gas and 
cold air (see Fig. 15-29). The propulsive nozzles 
have the exit areas A, for the hot gas generator, 
and A,,. for the cold air; and in those exit areas 
aa Pie =P, =static pressure of the ambient 
air. 


15-9.1.1 BYPASS RATIO () 


Let m, and map denote the mass rates of 
airflow for the hot gas generator and the fan 
circuits, respectively. By definition, the bypass 
ratio B is given by 

MgF 


6 = ——= bypass ratio (15-96) 


Current turbofan engines Operate with by- 
pass ratios of approximately 8 = 1.5, or less, and 
have reduced cruise TSFC by approximately 15 
percent compared with their counterpart turbo- 
jet engines'!. All studies pertinent to turbofan 
engines for long-range, long-endurance subsonic 
aircraft conclude that future turbofan engines 


ee 
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for such aircraft will have larger bypass ratios, 
the optimum value for 8 will depend upon the 
allowable turbine inlet temperature T°, ice., 


increasing T? increases the optimum value for 
Bittaas 


1 S-9.1.2 FAN 
(nF) 


ISENTROPIC EFFICIENCY 


The fan isentropic efficiency, denoted by 
np, is defined in an analogous manner to the 
definition for N- (see par. 15-3.2.1). Hence, (see 
Fig. 15-29) 


7 _ Shp | hor — hb. _ Te = 
FE Ahe 46.20 <0 . 46: 
F hor = hoe T 55 7 T 
T= TO 
= 3F 9 (15-97) 
T 5p — T, 


Since the flow from Station 0 to Station 2F 
is adiabatic, hO =h},, = constant. Assuming the 
Specific heat of the air to remain constant 
between these stations, one obtains (see Eq. 
3-52) 





= 7° x 2 Mews. 
Ty = TQ=1+/ : )mg (15-98) 


15-9.1.3 FAN PRESSURE RATIO PARAM- 
ETER (@p) 


The fan pressure ratio P?. ee influences 
the mean effective jet velocity ViTF for the 
turbofan engine (see par. 12-4.4). In general, the 
optimum fan pressure ratio is that which makes 
ViTF a maximum! 2. 

Let Op denote the fan pressure ratio 
parameter. By definitior 


(15-99) 
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Figure 15-29. Arrangement of Components for a Turbofan Engine 
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The stagnation pressure P>. depends upon 
the isentropic efficiency of the intake-diffuser 


NaF Preceding the fan. From Eqs. 15-3 and 15-4 


Y 
_] I 


where ngp is the diffuser isentropic efficiency 
for the air-stream entering the fan. 


SY ve 


15-9.1.4 FAN POWER (Pp) 


Let 


Ze = Op — 1 =compression factor 
for the fan 


(15-101) 


The work done by the fan upon the air 
flowing through it, in raising its pressure from 


P.,, to PO,., is given by 





7 Zr . T-T? 
Ah .p=c,pTO —=c > (B/Ib 
cF pF o ng pF oo 
(15-102) 
Hence, the fan power Pr is given by 
= 5 oF 
Pr =m, CoF T> — (B/sec) (1 $--103) 
1F 


wilere Mm, is mass rate of flow of air into the hot 
gas generator. To obtain Pr in horsepower 
divide Eq. 15-103 by 0.707 B/hp-sec. 


15-9.2 ANALYSIS OF PROCESSES IN 
TURBOFAN ENGINE 


The diffusion and compression processes in 
the cold air circuit have been discussed in par. 
15-9.1. The remaining gas dynamic processes 
will now be discussed. 
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15-9.2.1 DIFFUSION FOR HOT GAS GENER- 
ATOR CIRCUIT 


The equations presented in par. 15-3.1 are 
directly applicable to the intake-diffuser pre- 
ceding the hot gas generator (Stations O to 2) 
and need not be repeated here. By means of Egs. 
15-2 and 15-3, the values of T? and PD can be 
determined. Since the diffusion process is 
isoenergetic (see par. 3-5.2.2), T9 =TO and is 
defined by Eq. 15-98. 


15-9.2.2 COMPRESSOR POWER FOR TUR- 
BOFAN ENGINE (F erp) 


The total compression work performed on 
the air inducted by a turbofan engine is the sum 
of the work performed by the air compressor, 
denoted by Ah,, and that performed by the fan 
Ahr (see Eq. 15-102). The work Ah,, in B/slug 
of air, is given by Eas. 15-6 and 15-11, and the 
compressor isentropic efficiency n, is given by 
Eq. 15-7. Hence, the total compression work, 
Shorr: noting that d a = | tory = |. , IS given by 
(see Eq. 15-102) 


. Z Z 
_ Cool, (%: +p i) 
" ———_ 1 £ __*f (B/stug) (15-104) 


In Eq. 15-104, it is assumed that ¢,. = pp 
which introduces no significant error. The 
compression factor Z. is given by Eq. 15-8, Zr 
by Eq. 15-101; Ma is in slug/sec, and Aho7rf is in 
B/slug. 


Hence, the power required for compressing 
the air inducted by a turbofan engine, denoted 


by Pupp, is given by 


Popp = 1.413 ing(1+B)Ahepp (hp) (15-105) 
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In Eq. 15-105, the constant 1.413 transforms 
B/sec into hp. 


15-9.2.3 BURNER FUEL-AIR RATIO FOR 
TURBOFAN ENGINE () 


In the case of turbofan engines for 
propelling aircraft at subsonic speeds fuel is 
bummed only in the hot gas generator circuit, 
between Stations 3 and 4 (see Fig. 15-29(B)). 
Turbofan engines for supersonic propulsion 
utilize afterburning in the hot gas stream (see 
par, 12-4.3) and also coburning in the cold air 
stream. The discussion here is limited to 
turbofan engines for propelling subsonic aircraft. 


The heat added in the combustor Q; raises 
the enthalpy of the working fluid from mh? at 
the entrance to the burner to m,(1 + f)hQ at its 
exit section. If the sensible enthalpy of the 
inject fuel is neglected? , then 


In terms of the mean specific heat for the 
burmer C¢,)p, and the temperature ratio 
a=T, [T,,a, = T° /T,, and the fuel-air ratio 
f= m/m,, the last equation can be transformed 
to read 


IQ; 


Cc 





. =(1+f)a—a, (15-106) 
pB°o 


Hence, the fuel-air ratio / is given by 


a—-—a, 


(Qi/c BT) —a 


15-9.2.4 TURBINE POWER FOR TURBOFAN 


The efficiency ny of the turbine and the 
turbine work Ah, in B/unit mass of working 


15-52 


fluid are given by Eqs. 15-28 and 15-24, 
respectively, and need not be repeated here. 


The turbine expansion ratio parameter, 
denoted by Oy, is given by Eq. 15-84. Hence 


where 
poy 7! 
201-0,-1-(3) : (15-109) 
P; 


The turbine furnishes the power for 
compressing the air, overcoming friction in the 
bearings of the engine, gearing, and auxiliary 
power. 


The turbine delivers the power for compress- 
ing the air Pypp plus that required to overcome 
mechanical inefficiencies in the machinery, 
auxiliary power, and any other losses. For 
simplicity the aforementioned parasitic power 
requirements will be neglected. Hence, the 
turbine power PTE is given by 


Pepp = m,(1 +4) (1 —©}) 


=m,(1 +f )ep¢ (TZ — TS) (15-110) 


where 14 is given by Eq. 15-28 and 


y~1 
\ = turbine expansion ratio 
/ parameter 


(15-111) 
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TI OPTOITN dn 


1+ 
t ap 
7 ‘ In view of the above assumptions, Pypp = Popp. One may wnite, therefore, that 
i 
| - % : pad i ae TS Ty 
! : | m, (1 + fey (Ty — Ty) = macy¢T? —-—Ily +8 a —1 
tf <2 T? Tor 
| 
| £ For the adiabatic flow between Stations 0 and 2 and 2F (see Fig. 15-29(B)) T? =T) = T>,. Hence, 
i the last equation becomes 
| 
: k : oa ‘= O i a ipa | 
| ma (1 +f)epe(T? — TZ) = mgcyeTy |{ — —1} +2(— - (15-112) 
f TD To 
é 
; 
t The last equation can also be written in terms of the pressure ratios P? /P>, P>,/P>,, and the 
: turbine expancinn ratios PO /P?. Thus 
i 


4 2 2k 


2 7-1 
| pyr tf po\ 7 po \ 
my (I+ f)mT |1— (=) % J=mye,Tot 2) -1] ++ pl(—£) 7% -1) 2h asa 
p° pe Ne p° QF 
Solving Eq. 15-113 for the turbine expansion ratio P? /P? one obtains 


aE = 


%—! 
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s, /T° 
Pe (=) (+s)n, 
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2 = (15-114) 
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where ‘y, is the mean value of y for the turbine 
expansion process. The variables 0, N., Op, Np, 
and 7, are given by Eqs. 15-8, 15-7, 15-99, 
15-97 and 15-28, respectively. 


15-9.2.5 NOZZLE EXPANSIONS FOR TUR- 
BOFAN ENGINE 


It is assumed that the hot gas generator 
propulsive nozzle (see Fig. 15-29, section 6-7) 


7F) both expand the gas flowing through them 
to the atmospheric back pressure P,. Further- 
more, it is assumed that there are no pressure 
drops between Stations 3 and 6, and 3F and 6F. 
Also each nozzle has the same nozzle isentropic 
efficiency n,,. Hence 


PO = po; Pip = Pe; P, =P, =? 


6° 3 6F° -7 7F 0 
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also 

_10—-10.,0 =}40 -170 
hO =ho =ho shy, = hy = hoy 


15-9.2.5.1 NOZZLE EXPANSION WORK FOR 
GAS GENERATOR NOZZLE 


Ah, = hg —h, =cypTe(1—O_)"_ (B/Ib) 
, (15-115) 


where 


a alfo\% . is 
" \pe Te 


where 7, is the mean value of y for the nozzle 
expansion. 





(15-116) 


From Eq. 15-75, the effective jet velocity V; 
for the gas flowing through the hot gas generator 
nozzle is accordingly 







7 
2". R,Te 11-8, 
Yn ] 


Vj =a 2(ho —h, ) =On 





(15-117) 


where = Fs is given by Eq. 15-116, R, is gas 
constant for hot gas, and 


by =,/ n= nozzle velocity (15-118) 
coefficient 
15-9.2.5.2 NOZZLE EXPANSION WORK FOR 
COLD AIR-STREAM 


Ah, =h®°. —h, = ConFler (1—O, Fn, (15-119) 





where 
Taro! 
P \7 T’ 
Qo \ AF 7F 
=f _° - 7 15-120 
“nF a jo —— 
6F 
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where 7pFf is the mean value of y for the cold air 
nozzle expansion process, and Conk is the mean 
specific heat for that process. 


By analogy with Eq. 15-118, one obtains for 
the cold air nozzle 


, 2YpF 
Vir = onF = . RT er (1-O,F) (15-121) 
nF — 


where KR, is the gas constant for air, and O, fp is 
given by Eq. 15-120. 





15-10 PERFORMANCE PARAMETERS FOR 
TURBOFAN ENGINE 


The equations for the more important 
performance parameters are presented below. 


15-10.1 THRUST EQUATION (F) 


The thrust of the turbofan engine is given by 
Fq. 12-15 which is repeated here for conven- 
ience. Thus 


F=m,(1+f)V; + 6m,Vjp—mV, (1+) (15-122) 


15-10.2 MEAN JET VELOCITY FOR TURBO- 
FAN ENGINE (Virp) 


By the introduction of a fictitious mean jet 


velocity Vj , the thrust equation becomes 


F = m,(1+/)Vipp — m,V, (+8) (15-122a) 


Equating Eqs, 15-122 and 15-122a and 
solving for ViTF yields 


as (1 + DV; + BViF 


TF ey, (1 5-123) 
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15-10.3 AIR SPECIFIC IMPULSE (OR SPE- 
CIFIC THRUST) (I) 


By definition (see pars. 12-6.1 and 15-8.4) 


Fg. = 
L= — +f) Ving — Vo (1 +8) (15-124) 


a 


where the mean effective jet velocity is given by 
Eq. 15-123, which shows that its value depends 
on f, V., Vip, and B. Studies of the effect of 

> YJ 
varying the bypass ratio are presented in 
Reference 11. In general, increasing the bypass 
tatio increases the air specific impulse I,.- 


15-10.4 CONCLUSIONS 


The following conclusions may be derived 
from studies of propulsion system requirements 
for long-range subsonic aircraft. 


(a) For each selected turbine inlet tempera- 
ture TO there is an optimum value for 
the bypass ratio 8, for a given pressure 
ratio. 
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(b) To achieve the maximum possibilities 
from the turbofan engine, high turbine 
inlet temperatures are required; ile., 
cooled turbine blading must be devel- 
Oped. There is a limit, however, to the 
maximum T?, above which the TSFC 
increases. 


(c) At very high values of TO, increasing TO 
raises the optimum value for B, because 
excessive leaving losses must be pre- 
vented. 


(d) The TSFC is improved by increasing the 
cycle pressure: ratio, particularly for the 
higher values T?. 


(e) Design studies show that incorporating a 
regenerator in the turbofan engine cycle 


can effect significant reductions in the 
TSFC !°. 
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ELEMENTARY GAS DYNAMICS 


FOR APPEN- 


acoustic or sonic speed, fps 


critical acoustic speed, where M= 1, 
fps 


stagnation or total acoustic speed, fps 


flow cross-sectional area, sq ft or sq 
in., as specified in text 


critical cross-sectional area where 


u=a* 
maximum cross-sectional area 
British thermal unit 


effective jet or exhaust velocity; 
specific heat, B/slug-’R 
speed = 


maximum _ isentropic 


} = O 
Amax ~ \/ 2cyT 


instantaneous specific heat a constant 
pressure, B/slug- R 


mean value of Cp for aspecified tem- 


perature range 


instantaneous value of the specific 
heat at constant volume 


"Any consistent set of units may be employed; the units pre- 
sented here ute for the American Engineers System (sec 


par. 


oS eee oe | oe, 


1-7). 


Co 


Cg 


contraction coefficient 

discharge coefficient 

diameter, ft or in., as specified in text 
drag force, lb 


hydraulic diameter = 4R where R is 
the hydraulic radius 


stored energy per unit mass of fluid 


total amount of stored energy associ- 
ated with a system 


kinetic energy 
potential energy 


energy expended in overcoming fric- 
tion 


friction coefficient in the Fanning 
equation for pressure loss 


thrust, Ib 


friction force, Ib 


impulse function, |b 


local acceleration due to gravitational 
attraction of earth, ft/sec’ 
gravitational conversion factor = 
32.174 slug-ft/Ib-sec? 
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G flow density or mass velocity = m/A, 
slug/sec-ft? 
G* critical flow density, value of G where 
M = 1 
h Static specific enthalpy, B/slug 
h° stagnation or total specific enthalpy, 
B/slug 
Ah ‘inite change in specific enthalpy 
4h, finite specific enthalpy change for a 
compression process, B/slug 
Ah. finite specific enthalpy change for an 
isentropic compression process, 
B/slug 
Ah, {nite specific enthalpy change for an 
expansicn process, B/slug 
Ah, finite specific enthalpy change for an 
wentropic expansion pr~-ess, B/slug 
J mechanical equivalent wf heat = 778 
ft-lb/B 
kp Boltzmann’s constant = 
1.3804(10)"!® erg/mole-°K 
K ‘ulk modulus of fluid 
L length, unit as specified in text 
m mass, slug 
m mass flow rate, slug/sec 
m molecular weight, slug/mole 
M Maca. number (q/a or u/#), or magni- 
tude of momentum vector, as speci- 
fied in text 
A-2 


i 


(=: 


Pa 


p* 


AP 


(2 


t 
dmax 


ae: er 
. ek Wo Pos SP re ad 
aa d are ae <2. aA. ol en 
ec. A et ee Se oat 2 DA ANC: * A : 
oa 7. amt BEG ee eS ~ *. = fa 
> ss o ¥ rd 


dimensionless velocity (q/a* or u/a*) 
momentum vector 


rate of change in momentum = 
adM/dt, (ML/T) 


number of degrees of freedom of a 
gas molecule 


Avogadro’s number, (6.02472 + 
0.006) (10}*7 molecules/gram-mole; 
corresponds to 2.70(10)!*° molecules/ 
cc (at 0°C and 760 mmHg) = 2.7237 . 
x 102®© molecules per !b mole 
absolute static pressure, psia 


ambient static pressure, psia 


critical static pressure, where u=a*, 
psia 


absolute static pressure, psf 


critical static pressure, where u=a¥%, 
psf 


power, dW/dt 
pressure loss 


velocity vector 


magnitude of q or the dynamic pres 
sure, as specified in text 


velocity of fluid normal to flow area 
dS, fps 


isentropic velocity, fps 


Maximum isentropic. sveed 








Se gS 
_- ry di 


| Ot ee ee “ SReselape meds vote ests . igor tay eu BR cece 2d Sew 
| AMCP 706-285 
| Q volumetric rate of flow, cfs t time, sec 
: 5Q heat added, B/slug T absolute static temperature (CF + 
3 ° 
| “a 460), R 
= 5QR heat added reversibly, B/slug T* critical static temperature, value of T 7 
where u = a* 
‘ r pressure ratio 3 
d 7” stagnation or total temperature, °R 
} I. pressure ratio for a compression fio 
cess = P,/P, (or p,/p,), where U specific internal energy, B/slug 
P, PP, 
u velocity parallel to the x-axis, {ps 
) rr expansion ratio for an expansion pro- : 
cess = P,/P, (or p,/p,j, where Up adiabatic exhaust velocity 
r P > P, 
| . u* critical value of u, where u=a* 
r* expansion ratio which makes u = a* 
¢ 
. “ R force due to interaction of flowing u isentropic exhaust velocity = 
fluid with surfaces wetted by fluid, 1b 
f 
R gas constant = R,,/m 
. 
R hydraulic radius = D/4, ft or in. as 
t : . 
Re Reynolds number v specific volume = I/p, ft? /slug 
[ 
R, universal gas constant = 49.717 ¥ velocity parallel to the y-axis 
Q = 
t sd hal dies oe mole’ R = 63.936 v° stagnation value of specific volume = 
B/slug-mole-°R 1/p° 
p 
| = ; | 
? static specific entropy, B/slug- R V total volume or velocity, as specified 
ct ‘ in text 
s* critical value of s, where u=a 
V control volume in a region of a 
flowing fluid 
As finite change in static specific entropy 
Ww weight, mg, 1» 
| : S control surface 
: w veiocity in direction of z-axis, or 
f S entropy fora system, B/°R Cimensioniess linear velocity (w = 
f u/a°) 
<> Sw area of interior surface of flow, 1.e., 
<b passage wetted by flowing fluid (wp) wetted perimeter 
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W work 
iW, work done by system in going from 


state 1 to state 2 
W weight rate of flow = mg, lb/sec 


W power P, rate of doing work, dW/dt 


X net force acting parallel to x-axis 
Y net force acting parallel to y-axis 
Zz elevation above datum line 
Z net force acting parallel to z-axis 
p Aa 
Z. compression factor = as —1 
iat 
Z, expansion factor = ] — rr, 7 


GREEK LETTERS 


a angle between velocity vector and 
normal to flow cross-sectional area 


ungle between the flow Jeaving an 
oblique shock and the shock front 


specific heat ratio = Cp/cy 
angle for the deflection of a flow 
after passing through an_ oblique 


shock 


angle between the incident flow and 
an oblique shock 


efficiency 
semi-cone angle, deg 


semiangle for a symmetrical wedge 


©. pressure ratio parameter for a com- 
pression process 
©; pressure ratio parameter for an expan- 
sion process 
A mean free path for gas molecules 
mM absolute or dynamic viscosity of a 
fluid 
rm Mach angle, or compressibility factor 
for areal gas 
p density, slug/ft? 
p* critical density = 1/v*, value of p 
where u = a* 
p° stagnation or total density 
T shear stress (friction force per unit 
area) 
d velocity coefficient = u/u’ 
SUBSCRIPTS 
Numerals 
0 free stream 
] initial state, or reference Station 1 
Z final state, or reference Station 2 
Letters 
a ambient or atmospheric 
B burner Or combustion chamber 
Cc compression 
d diffuser 
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e exit cross-sectional area normal to 
flow direction 


ext ex ternal 
f friction 
h hydraulic 
imp impact 
int internal 


L limiting value 


max maximum value 
min minimum value 
n nozzle 
p propulsive 
P ideal propulsive; at constant pressure 
Ss at constant entropy 
t expansion or turbine, as specified in 
text 
T at constant temperature 
th thermal 
V at constant volume 
SUPERSCRIPTS 


(prime) denotes the value is obtained 
by means of an isentropic process 


+ critical condition, where u=a* and the 
Mach number is unity 


O stagnation or total value 
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A-1 INTRODUCTION 


Gas dynamics, which is tne theory of the 
flow of a compressible fluid, is of fundamental 
importance to the design and analysis of all jet 
propulsion systems. The thrust developed by a 
jet propulsion system is governed in large mea- 
sure by the interactions of the compressible 
fluid flowing through the system with its in- 
ternal surfaces. 


The object of applying gas dynamic analysis 
to a jet propulsion system is to determine, 
thereby, those parameters which characterize 
the motion of the compressible fluid and its 
thermodynamic states at pertinent locations in 
the flow path of the compressible fluid as it 
flows through the jet propulsion system. 


In most jet propulsion engines the gas 
dynamic processes are such that, except for 
transients, the flow may be assumed to be 
steady and one-dimensional. The results calcu- 
lated from the relationships derived for one- 
dimensional flow will be correct in principle but 
only approximate if the flows are multidimen- 
sional. There are certain flow processes that 
occur in the functioning of the jet propulsion 
engines, see Chapter 1, and several of them are 
essentially one-dimensional in character. 


For analyzing the flow processes pertinent 
to jet propulsion engines, the following physical 
principles are available: 


(a) The principle of the conservation of 
matter for a flowing fluid, which is 
discussed in par. A-}. 


(b) The principle of the conservation of 
momentum which is expressed by the 
momentum theorem of fluid mechanics 
discussed in par. 2-1 (see Eqs. 2-11 and 
2-21). 


A-5 


ve 8 


ths REBEED. . tva mace! 


ib NOS + anced 


Swen 


es). Baume 2. ae oe Oe oe eel er el |. Ce ee tel on 2 ee 


= see . we oe - 4 eee we. ae. eee CS 


——me -o me AWW ee 


Sem ace Lee o-—-* 





ed el 


—e- =~ _ _—- + --— 


ee ee ee ee ee 


or ea “ne 
8 = 


ye RAPE: 
gine OS Ne wee LITER vot 


ee Domns IO" 


ome ae ee ee ew ee we 8 ee 


’ 


“3,7 Bap tyme 2 ee 
44 BY free ¢ — -42_- 


AMCP 706-285 


(c) The principle of the conservation of 
energy which was first demonstrated for 
an isolated mechanical system by Lieb- 
nitz (1693). For a flowing fluid the 
principle leads to the so-called energy 
equation, discussed in par. A-3.3. 


(d) The second law of thermodynamics from 
which one obtains the entropy equation 
for a flowing fluid (discussed in par. 
A-3.4). 


(e) The thermodynamic properties of the 
flowing compressible medium under 
consideration; these can be represented 
by either some form of defining 
equation relating the static pressure, 
density, and temperature of the flowing 
fluid, or by tables. 


The pertinent equations derived by applying 
the principles listed above are then combined to 
obtain the relationships between the variables of 
interest. In many cases the desired information 
can be obtained without applying all of the 
aforementioned pnminciples. 


The motion of a compressible fluid is 
considered to be determined when the three 
rectangular components of a velocity vector q, 
the static pressure P, and the density of the fluid 
p, are known as functions of the Cartesian 
coordinates x, y, zand of the time t. 


In general, any two of the following 
thermodynamic properties of the fluid must 
either be known or calculable so that the 
(macroscopic) thermodynamic state of the fluid 
can be determined; P, the absolute static 
pressure; T, the absolute static temperature; p, 
the static density; h, the static specific enthalpy; 
and s, the static specific entropy. 


The thermodynamic state of a system is 
determined by its thermodynamic properties 
just insofar as they are measured directly or 


A-6 


indirectly by experiment. The properties give no 
information of the previous history of the state 
of the system. 


The equations of motion for a fluid can be 
written in either the £uierian or Lagrangian 
form. In the Eulerian form, the one employed in 
this handbook, unless it is specifically stated to 
be otherwise, the parameters for characterizing 
the state of a flowing compressible fluid are 
referred to a fixed point in space and time. 
From the thermodynamic state of the fluid, 
assuming that either its equation of state is 
known or that appropriate tables of its 
thermodynamic properties are available, the 
thermodynamic state of the fluid at the point 
under consideration can be determined. 


From the rectangular components of the 
momentum equation (see par. 2-1.2) one obtains 
three equations of motion, one referred to each 
of the three Cartesian coordinate axes. The 
conservation laws for matter (or mass) and 
energy yield two additional equations. Conse- 
quently, one obtains a system of five equations 
for determining five unknown quantities; the 
velocity components (u,v, and w), the static 
pressure P, and the fluid density p. In general, 
the equations are nonlinear, lirst order, partial 
differential equations*: 2°. 


The mathematical methods employed in gas 
dynamic studies are concerned with solving the 
aforementioned system of nonlinear first order 
differential equations. Exact mathematical solu- 
tions are obtained for flows which are steady 
and one-dimensional; i.e., flows in which the 
variables P, p, and q, or their equivalents, change 
appreciably only ina single direction and do not 
vary with time. It will be assumed in the 
discussions, unless it is specifically stated to be 
otherwise, that the flow is steady and 
one-dimensional. 


The thermodynamic properties of a flowing 
fluid are related to the flow variables by relating 
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the fluid velocity to its density. If the flowing 
fluid is an ideal gas—one which is both thermally 
or calorically perfect--the solution of the gas 
dynamic equations is greatly simplified. The 
characteristics of the ideal gas are discussed in 
par. A-2. 


A-2 THE IDEAL GAS 


The ideal gas is the simplest working fluid in 
thermodynamics. Consequently, it is a most 
valuable concept in the study of gas dynamic 
processes. Moreover, as will be seen later, the 
propellant gas which flows through the exhaust 
nozzle of a jet propulsion system approximates 
the ideal gas. 


A-2.1 THE THERMALLY PERFECT GAS 

It was shown empirically by the early 
experimenters that the so-called permanent 
gases, air, nitrogen, oxygen, hydrogen, etc., 
under ordinary conditions of pressure and 


temperature behaved in accordance with the 
following equation of state: 


P= pRT= 2 (psf) (A-1) 
where, in the AES system of units (see par. 1-7) 
T = absolute temperature of the gas, °R 
P = absolute pressure of the gas, psf 
p = density of gas, slug/ft? 


R,, = universal gas constant = 49.717 ft-lb/slug- 
mole--R = 63.936 B/slug-moie-°R 


nm) = molecular weight of the pas, slug/mole 
A medium which behaves in accordance with 


Eq. A-l is called a thermally perfect gas. 
Experimental studies of the behavior of real 
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gases indicate that Eq. A-1! is an approximation 
to the correct equation of state fora real gas. In 
general, the correct equation of state is a 
functional relationship of the form 


P= P(p,T) (A: z) 
Or 
p=?p (P,T) (A-2a) 


In the case of a thermally perfect eas 


Pp 

ORT (A-3) 
For a real gas, the deviations of the ratio 

P/oRT from unity become significant at very 

high pressures, such as those occurring in guns, 

and at very low temperatures. The deviations 

anse from the fact that every real gas can be 

liquefied. 


Logarithmic differentiation of Eq. A-1 gives 
the following differential equation for the 
behavior of a thermally perfect gas: 


dP _ dp. dT 


Pp T (A-4) 


A-2.2 THE CALORICALLY PERFECT GAS 
For a unit mass of gas ‘{l-slug) that has 


undergone a reversible change of state, the first 
law of thermodynamics yields 


5Qp = du + Pdv (B/slug) (A-5) 


where 
S5Qp = the heat added reversibly, B/slug 


du= the change in the specific internal energy 
of the gas, B/slug 


dv = 1/dp = the change in the specific volume 
of the gas, cu ft 


P= the absolute pressure of the gas, psf 
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By definition, the specific heat of a medium 
is given by 


c= 2 (B/slug-°R) (A-6) 


In Eq. A-6 the magnitude of the specitic 
heat c depends upon the manner by which the 
heat increment 5Q, which is not an exact 
differential because Q is not a thermodynamic 
property, is added to the medium. 


The specific internal energy u see Eq. A-5, 1s 
a property of the system and depends only upon 
its state. For a simple system one may 
write: '» & 19 


u= u(T, v) (B/slug) (A-7) 


Eq. A-7 is known as the caloric equation of 
state. The exact differential du, is accordingly 


du=(24) ara ( 2) av (A-8) 
oT y OV T 


If 5G is added to a unit mass of gas under 
isovolumic conditions (dv = 0), then 


_f6Q du Sats 
={—]= {[ —} = specif t - 
cy ( ) (; \ specific heat at (A-9) 


constant volume 


From Eq. A-9 the specific internal energy of 
a gas cun be calculated from 


af ; 
u= f cdT+u, (B/slug) (A-10) 
T 


0 

For a gas which is calorically perfect the 
specific heat cy is a constant, independent of the 
gas tempcrature so that 
P= ae CT) (A-11) 
A-8 


For a gas which is thermally perfect but not 
calorically perfect 


P= pRT and c, = f(T) 
An ideal gas is one which is both thermally 
and calorically perfect. Such a gas is often called 


a polytropic gas*. 


A-2.3 SPECIFIC HEAT RELATIONSHIPS 
FOR THE IDEAL GAS 


If the heat is added to a gas under isobaric 
conditions (dP =0), then the specific heat at 
constant pressure Cy is given by 


= §Q_ du du dv 
“Pp aT (2) : (), * | (%") 
Vv 


(B/slug) (A-12) 


It is apparent from Eq. A-12 that Cy > Cy as 
is to be expected. In Eq. A-12 


p (2) dT = work done against external 
OT /p forces 


and 


(22) (%) dT = work done against internal 
Ov) \oT/p forces 


For an ideal gas, the specific heat Cy is given 
by 

_ dh 
Cp at (B/slug) (A-13) 


By definition, the specific enthalpy h which 
is a property of the gas, is defined by 


h=ut P/o (B/slug) (A-14) 


By definition 


C 
7= - = the specific heat ratio (A-15) 
Vv 





. 
t 
t 





= <= & =. Bea 
rr ep we 82° O que ~ En aa “ep oe, TP 
‘ . 


| 





+ eae waar 
. wat eT Mit we 
= e 


LOO ORP ay eG ML TT ee Te a) PO” 


BO EO DIE FTN CI ITO FIPS ATE, Op rs 





~ Sagal os SD 


awe ap een “IS OST PIE AP ME OGRA ALU AIO PEON TM “Te P : A aed bs Asa te creel id hl ate} wevPn ” 5 LORE 


' 
& 
¥ 


For an ideal gas ¢,,c,, and are constants 
independent of the gas temperature. These 
constants are related by the equations which 
follow. Thus 


—c,=R (Regnault Relationship) (A-16) 


“p 


and 


-p( 1 =R{_v . 
Cy R(-4) and Cy ® (5) (A-17) 


The changes of state of usual interest for an 
ideal gas may be regarded as special cases of the 
polytropic change of state Pv" = constant. Thus 


Value of n Process” 
Isothermal (dT = 0) 
0 Ysobaric (dP = 0) 
co Isovolumic (dv = 0) 
y Isentropic (ds = 0) 


A-2.4 SOME RESULTS FROM THE KINETIC 
THEORY OF GASES 


From kinetic theory, the following principal 


equations are obtained for an_ ideal 
gas 1,15,17,20,2S 

(a) Molecular mean free path (X) 
A= en Smee (cm) (A-18) 


VJ Annd? ) 


where 
n= number of molecules per cc 


d= effective diameter of molecule, cm 


8 


é ‘ 
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(b) Temperature (T) 


If (Exp) tr is the kinetic energy of an ideal 
gas due to its random translatory motion, N is 
the number of molecules in volume V’, and m is 
the mass of each molecule then 


(Ex p)tp = 1/2 NmC? & T (A-19) 


where (Eyp),, constitutes the internal energy of 
the gas, and JC is the rms-velocity. If T 
is fixed then the internal energy of the gas 1s 
also fixed. 


(c) Pressure (P) 


According to the kinetic theory the pressure 
P acting upon the walls of a container, of 
volume V, is due to the impacts of the gas 
molecules on these walls. It can be shown that 
py = =(1 /2 NmC?) = 2 (Exp) (A-20) 


Since, the density of the gas is given by 


(A-2]) 


(d) Boltzmann's Constant (kp) 


If Na is Avogadro’s number, and R, the 
universal gas constant, then, by definition 


where 
Na = (6.02472 + 0.006)(10)?%  molecules/ 


gram-mole, which corresponds to 2.70 
(10)! ° molecules/cc at 0°C and 760 mm 
Hg 


kp = 1.3804( 10)" ° erg/mole- K 
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It is readily shown that 


. 2 : 
RyT= 5 (Exe), (A-23) 


(e) Viscosity (p) 


For an ideal gas 


u=0.499CAKCHT (A-24) 


As pg decreases, the mean free path A 
increases so that the product pA tends to remain 
constant. The equation indicates that for an 
ideal gas the viscosity depends only on the gas 
temperature T, and increases with T. 


(f) Maxwell's Equipartition Law 


For one mole of a monatomic gas 


(Exe), = 3%, (B/mole) (A-25) 


If mc, = the molar heat capacity of the gas 
at constant volume, then 


mcy = 2Ry = = (63.94) = 95.91 B/stug-moleR 


According to the above law, the kinetic 
energy of a gas molecule is equally divided 
among all of its degrees of freedom. Since a 
monatomic gas has 3 degrees of freedom, the 
energy per mole of gas is 


me, = =Ry (A-26) 


ta] G 


A rigid diatomic molecule has S degrees of 
freedom, so that 


Ry (A-27) 


(y — 1) 


In general, if n is the number of atoms in the 
ideal gas molecule the number of degrees of 
freedom for translatory, rotational, and vibra- 
tory motions is 3n. Since each molecule has 3 
degrees of translatory freedom, the number of 
degrees of freedom for rotation and vibration is 
3n — 3. Consequently,a monatomic molecule 
(n=1) has no rotational or vibratory degrees of 
freedom !7:2°. 


(g) Specific Heat Ratio (y) 


The kinetic theory indicates that the specific 
heat ratio y has the following values depending 
upon the atoms in the gas molecule: 

(1) Monatomic gases y = 1.66 

(2) Diatomic gases y = 1.40 


(3) Triatomic gases = 1.30 


The above values are accurate for mon- 


atomic gases, less accurate for diatomic gases, 


and least accurate for triatomic gases. 


For air under ordinary values of P and T, 
Yq ~1.40. Athigh aur temperature ve decreases 
from the value 1.40. If one assuones that air is an 
ideal gas with y = 1.40 = constant, then 





St Hs =852(4, "7 (A-28) 


y¥—1 


where ¥ = Yq. 


Fig. A-l presents the dimensionless ratios 


cy/R and c,/R for ideal gases as functions of the 
specific heat ratio y= Cy/Cy (from par. A-2, 
R,, = 63.936 B/slug-mole-’R and R = R,,/m). 
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Figure A-]. Specific Heats of Ideal Gases as Functions of the Specific Heat Ratio 


A-2.5 SOME CHARACTERISTICS OF REAL 
GASES 


The ideal gas laws do not hold exactly for 
real gases. Every real gas is characterized by the 
magnitudes of the parameters which follow: 


(a) The critical temperature T.,, which is the 
highest temperature at which a gas can 
be liquefied. 


(b) The critical pressure Poy the pressure 
corresponding to T,,. 


(c) The critical density Pop, the density 
corresponding to Ty, and P... 


a te ed 









R, *63.936 B/Slug - 
mole $R 

R=R,/m 

TeCysCy 


Thus To, Pog and Po, are characteristic 
properties of a real gas; their values are related 
to the intermolecular forces of the gas. The 
deviation of a real gas from the ideal gas is 
expressed in terms of the so-called compressi- 


bility factor, denoted by y, defined by 


= =a (A-29) 


The degree to which mu departs from the 
value unity is a measure of the snonideal 
character of a gas! °. 


For a given gas it is customary to plot the 
compressibility factor gu as a function of the 


A-1] 
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_ reduced pressure P, and reduced temperature T, 


where 

P T 
P._.= —and T,.= — (A-30) 
r oan r Tes 


Such plots are presented in several texts on 
thermodynamics! 779+?! They show that if P, 
and T, are close to unity, there can be large 
deviations from the perfect gas law; u becoming 
less than unity due to the cohesive forces 
between the gas molecules. 


If T, is close to unity but P, is larger than 
unity, deviations occur in the opposite direction 
due to the covolume of the molecules. 


Many special forms of the equation of state 
for a real gas have been suggested; e.g., the 
Nobie-Able equation commonly used in the 
interior ballistics for guns’. Because it is 
impossible to have a single equation which holds 
over a wide range of conditions, empirical 
methods are employed??? 3. 


The temperatures (3500° to 8000°F) en- 
countered in jet propulsions systems are well 
above the critical temperatures of the individual 
component gases entering the exhaust nozzle, 
and the combustion pressures (250-3000 psia) 
afte moderate compared to the critical pressures. 
It is reasonable, therefore, to assume for 
engineering calculations that the propellant gas 
flowing through the exhaust nozzle of a jet 
propulsion system, air-breathing or rocket, 
behaves as a thermally perfect gas'!:!*. Only in 
exceptional cases is it necessary to employ an 
empirical equation of state. 


On the other hand, the assumption that the 
propellant gas is calorically perfect over a wide 
range of temperatures is unreliable except for 
monatomic gases! :?:!°:! 4 


The specific heat at constant pressure for 
propellant gases depends primarily on the 


A-12 * 


molecular weight of the gas m. For estimation 
purposes it can be assumed that } 4 


~ sui 
C * —_— 


p © —= (B/slug-"R) (A-31) 
m 


When the temperature of a gas is high 
enough to cause dissociation, caution must be 
exercised in employing the perfect gas laws 
because the chemical composition of the gas 
becomes variable. If it is assumed _ that 
thermochemical equilibrium is achieved at every 
condition, the gas composition can be calculated 
as a function of P and T2?°?*. Even though each 
component of the gas mixture obeys the law 
P= pRT, the latter law is not applicable to the 
dissociated gas mixture. The temperature at 
which that law ceases to be applicable increases 
with the pressure because increasing the pressure 
decreases the dissociation. 


In summary, for most of the problems 
encountered in jet propulsion systems, excepting 
dissociation, the equation of state of a flowing 
gas may be assumed to be P=pRT, with 
engineering accuracy. The assumption is of 
advantage because it greatly simplifies the gas 
dynamic equations. One snould be aware, 
however, that inaccuracies result if the simplifi- 
cation is employed outside the range of its 
applicability. 


Table A-I lists the values of ae and Tor fer 
several common gases. 


A-2.6 ACOUSTIC OR SONIC SPEED (a) 


The speed with which a sound wave (or a 
very small pressure disturbance) is propagated in 
a fluid is termed either the acoustic or sonic 
speed, and is denoted by a. If the fluid may be 
assumed to be a continuum—molecular free path 
A very small compared to mean diameter of 
molecules—then the acoustic speed depends 
only upon the isentropic bulk modulus of the 


fluid K, and its density p. 
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TABLE A-I 


CRITICAL PRESSURE P,, AND CRITICAL TEMPERATURE T,, 


i> 
* FOR SEVERAL GASES 


«> 






GAS CHEMICAL FORMULA Poy (atm) To COR) 





Carbon Dioxide 
Carbon Monoxide 
Chlorine 
Hydrogen 
Hydrogen Sulfide 
Nitric Oxide 
Nitrous Oxide 

+ Nitrogen 
Hydrogen Chloride 
Oxygen 
Sulfur Dioxide 
Water Vapor 


To obtain Fe and To for a mixture Of gases, the molal averages of P., and T,,. for the con- 
stituent gases are employed. 


A-2.6.1 ISENTROPIC BULK MODULUS (K,) _ where v = 1/p = specific volume of the fluid, and 
dv/v =—@p/p. Hence, the acoustic speed depends 
On the derivative dP/do. Thus 
The isentropic bulk modulus is defined by! * 


: - _{ GP \_ /_dP : = /{aF 
= _ ral (zt) _— =. (se (A-33) 


S 


A-13 
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where the subscript s denotes that the 
compression process is isentropic, i.e., at 
constant entropy. 


A-2.6.2 ACOUSTIC SPEXD IN AN IDEAL 
GAS 


For an ideal gas 


K, = yP (A-34) 
where ¥ = Cy /Cy is the spscific heat ratio for the 
gas. 


Hence, for an ideal gas - 


= YP = " T 
a J 7 {RT V7Ry Jt (A-35) 


Logarithmic differentiation of a? = yP/p 
yields 


(A-o9) 


da? _ dy, uP_ dp 
a? Y p 


A-2.7 MACH NUMBER 


When theve is a I-rge relative speed between 
a vody and tire compressible fluid in which it is 
immersed, the compressibility of the fluid— 
‘vhich is the variation of its density with 
peed—affects the drag of the body. The ratio of 
the locai speed of the body u, to its acoustic 
S, 2ed a, is called the local Mach number which 1s 
dena ed by M. For an ideal gas 





_u.. u 
Se a (A-37) 
V YRT 
Or 
2 2 
wee Y= 8 ae 
2 RT (A-374a) 


The speed u measures the directed motion of 
the yas molecules, and wu? is a measure of the 
hinetic energy cf the directed flow. According 


A-14 


to the kinetic theory of gases the temperature T 
is a measure of the random kinetic energy of the 
gas molecules. Hence, M? = u?/a? is a measure 
of the ratio of the kinetic energies of the 
directed and random flows of the gas molecules, 


For an ideal gas one obtains the equation 


below by differentiating Eq. <A-37a log 
anithmically. Thus 
aM | 


M u 2 T 


For an ideal gas, the density p can be 
expressed in the form 


7yP 
u? /M? 





p= (A-39) 


The Mach number M is a useful dimension- 
less parameter. 


A-3 STEADY ONE-DIMENSIONAL FLOW* 


The one-dimensional approximation to the 
flow of a fluid gives the simplest solutions to the 
flow equations. It is based upon the assumptions 
presented below: 


(a) The flow passage—diffuser, pipe, nozzle, 
etc.—has a smiall divergence and the 
streamlines of the flow have large radii 
of curvature, 


(b) The flow is steady, the variations of the 
flow parameters with time are negligible. 


(c) [ne area of the flow passage is small 
compared to the radius of curvature of 
its axial streamline. 


(d) Tle transverse pressure gradients are 
negiigible, sc that the static pressure at 


*The equations in this paragraph apply to the steady one- 
dimensional! flow of any compressible fluid. 


- 
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any cross-section of the flow passage can 
be assumed constant over that cross 
section. Hence, the static pressure of the 
fluid is a function only of the axial 
coordinate of the flow passage. 


(e) The velocity components of the flow 
normal to the axial line of the flow 
passage are negligible compared to the 
axial velocity components. 


(f) At every section of the flow passage the 
acceleration components norma: to the 
axial line for the passage are negligible 
compared to those along the axial line. 


(g) At each point in a given cross-section of 
the flow passage the static pressure P, 
the static temperature T, the concentra- 
tions of the different chemical species, 
and all of the parameters related to the 
chemical conditions of the fluid are 
uniformly distributed. 


(h) No fluid is either injected into or 
extracted from the flow passage between 
the selected reference cross-section. 


The assumption that the flow passage has a 
small divergence (Assumption a) is approxt 
mated in a large number of practical flow 
passages. On the other hand, the uniformity 
assumption (Assumption g) is rarely realized 
even in a one-dimensiona! flow passage. The 
flow in a real flow passage is characterized by 
the following: 


(i) the velocity at a cross-section is never 
uniform because it must be zero at the 
bounding wall; and 


(ii) The transfer of heat and mass into the 
control volume requires that there be 
gradients of temperature or of concen- 
trations at the walls. 
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It is assumed quite generally, however, that 
if one defines proper 7mean values for the static 
pressure P, the static temperature T, the velocity 
u, and other physical variables, one can 
approximate the actual nonuniform flow ata 
cross-section by an equivalent uniform flow 
Characterized by the values of pressure, tempera- 
ture, velocity, and other physical parameters 
equal to the aforementioned mean values. 


The important consequence of the wni- 
formity assumption (Assumption g) is that all 
changes—physical and chemical—are restricted 
to the axial direction of the flow passage. 
Consequently, each variable becomes a function 
of a single spatial coordinate defined along the 
axial line. 


If the flow passage has a large divergence, 
caution must be exercised in applying the 
One-dimensional approximation. Also there are 
cases where large transverse velocities may occur 
in a “‘well-behaved’’ duct due to separation of 
the fluid from the walls. 


Despite the simplifying assumptions, approx- 
imate relations of great engineering usefulness 
are obtained. Moreover, they are often of good 
engineering accuracy. In fact the interior 
ballistics theory of rocket motors is based on the 
One-dimensional, steady flow assumptions. 


A-3.1 CONTINUITY EQUATION 


Fig. A-2 illustrates diagrammatically a 
control surface S enclosing a control volume V in 
a region of a flowing fluid. In general, the 
continuity equation in its integral form is 


= f 8 . fooq-nas-0 (A-40} 
V S 


If the flow is steady which is assumed here, 
it sipnifies that even though the fluid inside the 
control volume changes continuously with time, 


A-15 
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Figure A-2. Control Surface Enclosing a Control Volume in a Region of Flowing Fluid 


the mass of fluid enclosed by the control surface Hence, for a steady flow 
Sis in invariant, Hence 
fos ‘nds = foanas =0 (A-41) 
S S 
= fos V=0 where q, =qcosa= the normal velocity, i.e., the 
V velocity normal to the flow area dS. 
A-16 
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Let dA denote an element of flow area or 5 
perpendicular to q,; A; and Aout the total 3 
cross-sectional areas crossed by fluid entering ¥ 

<> and leaving the control volume, respectively. Eq. 3 3 3 7 b 
“apy A-40 can be rewritten in the form ax Pu) * Oy (ov) + — (ow) =0 (A-43) ; 
(a) One-dimensional steady flow. 
f pq, dA = | pq,dA 
Ain Aout 


Fig. A-3 illustrates an element of length dx 
of a one-dimensional flow passage. In view of 
The differential equation corresponding to ;4,, assumption of one-dimensional flow, no 
Eq. A-40 is fluid crosses the mantel surface (be and ad) of «9 
— the control surface S, Let u, denote the velocity 7 
of fluid crossing surface ab, area A, >and u, the 

















t div(oq) =V- pq =0 (A-42) velocity of the fluid crossing surface be, area A,, ¢ 

} 12 

i 

—e A,“A,+dA 

i A, P +dP 

; : 

' P, Po2 P.+dP 

sW=0 

; 

: 

F ; Mm 

dA | 
UU, ——_——_—__» 2 
. , p————e UF Ut du | 
| +f . 
$n,&, #77 : | 
—~.—.—-, ¢4,*0) | 
: i | 
d Pe =P . dp | 
5 
| Se | 
| ! 
: x Xe + dx | 
r ; 
a Figure A-3. Control Volume for a One-dimersional Flow | 
! A-17 : 
i | 
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u, and u, are normal to A, and A,, 


respectively. 


For an unsteady, one-dimensional flow, it 
follows from Eq. A-38 that 


op rf) 

—+t — =Q 

ot Ox (pu) 

or 

09, 9 4 4 9P =9 (A-44) 


ot Ox Ox 


For a steady one-dimensional flow (dp/dt) 
= 0, and Eq. A-44 reduces to 


p u ) 0 ( 


The coiresponding integral equation is 


f (pu)dA = d(puA) = 0 (A-46) 
A 

Or 

m = = = puA = constant (A-47) 


Eq. A-47 states that if the flow is steady, the 
same mass rate of flow crosses every cross 
section of a one-dimensional flow passage. 


By definition, the mass velocity, also called 
the flow density G, is given by 


G=pu=m/A (slug/sec-ft? ) (A-48) 


Logarithmic differentiation of Eq. A-47, 
yields the differential equation for a steady 
one-dimensional flow. Thus 


dA, do, du (A-49) 
A re) u 


A-18 


As pointed out in the foregoing (see par. 
A-3), the values of u and p in the equations for a 
steady one-dimensional flow are the effective 
mean values for the cross-sectional area A. 


A-3.2 MOMENTUM EQUATION 
The general form of the momentum 


equation is given by Eq. 2-11, which is repeated 
h>re for convenience. Thus 


Lo Fext = © / (oq)dV + [ooanas 


V S 
dM . 
= —-=.M 
dt ~ 


where the net external force F ext is given by 


Dy Fext =WtR - [r2ss 
S 
(a) Steady flow. For a steady flow the 


volume integral on the right-hand side of 
Eq. 2-11 vanishes, and 


2 Fext ~ frasess =0 (A-50) 


S 
Eq. A-50 is a vector equation and is 
applicable to 


(1) A steady flow or a mean steady flow, 
and 


(2) steady viscous and nonviscous flows. 


For fluids of small density, such as gases, the 
body force is negligible so that W ~ Q. In that 
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case, the momentum equation for a steady flow 
1S 


R= frangas + [exes 


? 5 (po small) (A-51) 


If there are no solid bodies imm<vssed in the 
fluid, no body forces, and no friction, then 


frras / pq,adS = 0 (W=R=0) (A-52) 
S s} 


(b) One-dimensional reversible steady flow. 
It is readily shown that for a one- 
cimensicnal steady frictionless flow, the 
momentum equation reduces to !:?:27 


udu + 2F= (A-53) 
p 

or 

udu + vdP = 0 (A-54) 


where v = 1/p = the specific volume, ft? /slug 
Eq. A-53 is a form of Euler's equation of 
motion and applies only to a reversible flow. To 


integrate Eq. A-53 requires a_ relationship 
between P and p. In integral form, Eq. A-53 1s 


+ J 7 constant (A-55) 


A-3.2.1 IMPULSE FUNCTION 


w | 


In certain cases the interest is in the force 
exerted by a flowing stream of fluid rather than 
in the characteristics of the flow. In the general 
case where friction is present, the force will arise 
both from the reaction of the projected wall 
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area to the mean hydrostatic pressure and to the 
shearing force. 


The dimensional formula for the rate of 
change in momentum M is [MLT-? ] which is the 
same as that for a force. Consequently, the value 
of M in the direction of the normal to a flow 
cross-section is often termed the stream effective 
force acting on that cross-section. By definition, 
the umeuise function is given by 


F=PA+M=PA+mu___ (Ib) (A-56) 
whe 

A = area of cross-section normal to P, sq ft 

u = velocity of fluid normal to A, fps 


m = mass rate of flow, slug/sec 


For a steady one-dimensional flow one may 
write 


PA, +2,A, uy =P,A, + p, A,u; (A-57) 


Eq. A-57 is frequently called the momentum 
equation for the steady one-dimensional flow of 
a flowing fluid?’. By applying Eq. A-56 one can 
compute the thrust, or total force acting on the 
flow passage, as the difference bet ween the values 
of +, and fF at A, and A,, respectively. The 
unpulse function F is useful for computing the 
thrust of an air-breathing jet engine. 


A-3.2.2 RAYLEIGH LINE EQUATION 
If the cross-sectional area of a one- 
dimensional flow passage is sensibly constant, so 


that it may be assumed es that 
A, =A,= A= constant, then Eq. A-55 becomes 


+ 


= P + Gu= constant (A-58) 


A-19 
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where 
G = m/A = mass velocity, slug/sec-ft? 


Eq. A-58 states that the value of F/A does 
not change in a duct having a_ constant 
cross-sectional area, wherein the flow is steady 
and reversible. Eq. A-58 is Known as the 
Rayleigh line equation (see also par. A-9. 1). 


A-3.3 ENERGY EQUATION FOR STEADY 
ONE-DIMENSIONAL FLOW 


The concept termed eviergy and the principle 
regarding its conservation in an isolated (or given) 
system originated in the science of mechanics. 
The principle of the conservation of energy for 
an isolated system states that if E denotes the 
total energy associated with the system, then 


E= EXE + EpE = constant (A-59) 


lere 


Fx p= the kinetic energy associated with the 
system 


Epp = the potential energy associated with the 
systein 


Eq. A-S9 indicates that if the system 
interacts with its surroundings. so that external 
forces act upon it, then Exp and Epp are 
converted into work done uguainst external 


forces. Otherwise, there can only be changes of 


EVE into Epr and vice versi. 


Because /ivaf and mechanical energy are 
generically equivalent quantities which are 
mutually intercouvertible, the principle of the 
conservation of energy is embodied in the firs¢ 
law of therinodynamics: the mechanical equiva- 
lent of heat J is accordingly 


J= 778.26 ~ 778 tt-Ib/B (A-60) 
A-20 


If E denotes the total energy associated with 
a closed system, called the stored energy, then Eis 
a function of the thermodynamic state of the 
system. Consequently, E can be changed only t& 
changing the state ot the system. 


Fig. A-4 illustrates diagrammatically a station- 
ary control surface S enclosing the control 
volume V in a region of a flowing fluid. 
According to the first law of thermodynamics, if 
5Q denotes the amount of heat added to the 
mass of fluid instantaneously enclosed by S, and 
S5W* denotes the amount of work done by the 
same mass of fluid on the surrounding in time 
dt, then 


dE = 6Q - 6W* (A-61) 


By convention 6Q is positive if heat is 
transferred to the system, and dW* is positive if 
the system does work on its surroundings. The 
nota.uon signifies that 6Q and 6W* are inexact 
differentials because Q and W are not properties 
of the system. The stored energy E is a property 
and dE is, therefore, an exact differential’ :°. 


Fig. A-S illustrates schematically the condi- 
tions at an arbitary element dS of the control 
surface S. lf the flow is steady, the stored energy 
associated with the fluid occupying the control 
volume V does not change with time. For a 
steady flow the integral form of the energy 
equation is’ 


6Q. 6W_ u? 
dt dt fobs + eran 


2 (B/slug-sec)  (A-62) 


where 


6Q = the heat added to the fluid, B/slug 


5W = the shaft work done by the fluid, B/slug 
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Figure A-4. Control Surface Enclosing a Region in a Flowing Fluid to Which 
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, , 


. Heat is Added and Which Does Work on Its Surroundings 
where Assume that the velocities, u,,uU,,U,, 
u,, and u, are parallel to the x-axis, and are 


h=u + P/p=specific enthalpy of the fluid, normal to the areas A,, A,, Aj, Aj, and A,, 
B/slug respectively. Obtain a general equation for the 
conservation of energy for a _ steady one- 

u = specific internal energy of the fluid, B/slug dimensional flow (see Eq. A-63). 


a re ee TE nd Ee 


Gn = Acosa = velocity of fluid normal to flow area SOLUTION. 


ds, fi 
a From Fig. A-6; 





q = magnitude of velocity vector q, fps o 
Ke a, =a, =1;cosm=— 1 


a=angle between normal to dS and the 
; a. =a, =a. =0;cos0= 1 
' velocity vector 3 4 5 


Let 


EXA.MPLE A-1. 

A, +A, TA.= Aout 
Apply the energy cquation (Eq. A-62)_ to 
the physical model illustrated in Fig. A-6. 


; A-7] 


A, 7 A, > Ain 
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Figure A-5. Element of a Control! Surface Which Encloses a Region in a Flowing Fluid 


Applying Eq. A-62, yields 

5Q dW uw 

—-——= +— + 

dt dt | ' oft 2 waa 
Aout 


2 
e = [onfor Sea (A-63) 


Ain 


Eq. A-63 is the integral form of the energy 
equation .or a steady one-dimensional flow. For 
such a flow 


Mout = Min = 2(pUA) ut = 2(0UA)in 


A-22 


For a single one-dimensional flow passage, 
integration of Eq. A-62, between reference 
sections | and 2, yields 

_ 1 j4,2 2 
(Oo We > i ~h, + —u?) 
+ (z,—2, )g (B/slug) (A-64) 
where 


,_Q, = the heat added per unit mass between the 
reference sections ] and 2, B/slug 


W, =the work done by the fluid between 


reference sections | and 2, B/slug 


h = specific static enthalpy, B/slug 
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u = velocity of fluid, fps 
z= elevation of fluid above a datum line, ft 


Subscripts 1 and 2 refer to the reference 
crosssections A, and A, 


Eq. A-63 applies to a unit mass of fluid in 
steady one-dimensional flow between cross 
sections A, and A, ; it is assumed that no fluid is 
either injected or extracted between the two 
reference sections. The differential form of Eq. 
A-63 18 


6Q - bW=dh+d ai gdz (B/slug) (A-65) 


For fluids of small density, such as is the 
case for most of the gases used in jet propulsion 
systems, gdz = 0, Eq. A-64 reduces to 


2 
6Q —~6W=dh+d (2 (A-66) 


If there is no heat transfer (6Q=0) and the 
fluid does not do any external work (6W=0) the 
flow is said to be adiabatic. By definition, an 
adiabatic flow is an irreversible flow which its 
characterized by 5Q=0, SW=0, and dS>0. 
Hence, the adiabatic energy equation is 


ah +4(*) 0 (A-67) 


Assume now that the fluid is expanded as it 
flows adiabatically through an exhaust nozzle 
and let 


2 
h=h+ | =totalor Stagnation (A-68) 
enthalpy 


Then integrating Eq. A-67 between the 
entrance and exit sections of a nozzle yields 


2 
% +h, =h° (A-68a) 


A-24 
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A-3.4 ENTROPY EQUATION FOR STEADY 
ONE-DIMENSIONAL FLOW 


The second law of thermodynarnics presents 
an inequality which cannot be violated in any 
real process!*-?3 . Thus for a closed system the 
change in entropy, denoted by dS is given by 


dS >(22) (A-69) 
rev 


The inequality A-69 imposes a limitation 
which must be observed in obtaining the 
solution to a gas dynainic problem, if the result 
is to be a meaningful solution. For 4a natural 
process, due to its irreversibility, the entropy 
change dS is always positive. Only for a 
reversible process is dS = 5Q/T. 


Consider now the rate of change in the 
entropy per unit volume for the fluid instantane- 
ously occupying a control volume V in a region 
of a flowing fluid (see Figs. A-3 and A-4), For a 
steady flow 


f 2 ds < f (ps)qy45 (A-70) 


S S 


where 
Q =rate of heat transfer per unit area per unit 
time to fluid inside control volume 


T=temperature at which a reversible heat 
exchange occurs 


s = specific entropy of fluid, B/slug-°R. 


Flow processes that are rapid, such as the 
flow through a rocket exhaust nozzle, are 
substantially adiabatic due to the short time 
available for heat transfer. Such processes are 
never isentropic because they are invariably 
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accompanied by turbulence, eddies, wall fric- 
tion, etc., — all ireversible processes. Conse- 
quently, in gas dynamic problems a first 
approximation is to assume the change of state 
to be reversible and then modify the resulting 
equation to account for the effect of the 
irreversibility of the actual process? . 


For a reversible change of state, the first law 
of thermodynamics yields 


Tds = dh — 7 (A-71) 


Eq. A-71 is applicable if the following 
conditions are fulfilled: 


(a) The medium is homogeneous and has a 
fixed composition (frozen chemical 
equilibrium), and 


os * (b) the medium is in thermal equilibrium. 


Eq. A-71 may be applied to the reactants 
comprising a combustible mixture provided the 
mixture is physically and chemically homo- 
geneous throughout. The equation is also 
applicable to the products of combustion 
provided the chemice! transformations are either 


(a) so slow that thermodynamic equilibrium 
is observed, or 


(b) so rapid that the chemical composition of 
the products does not change appreci- 
ably, so that the composition may be 
assumed to be frozen: 


Eq. A-71 does not apply to the products 

formed in the intermediate stages of a chemical 

reaction where chemical reaction kinetics plays a 

predominant role; i.e., where time cnters as a 

significant parameter, a parameter which is 

: essentially independent of the thermodynamic 
properties that govern the state of a system. 
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A-4 STEADY ONE-DIMENSIONAL FLOW OF 
AN IDEAL GAS 


The assumption that the flowing medium is 
an ideal gas greatly simplifies the mathematical 
analysis of compressible media and reduces the 
complexity of the resulting equations (see par. 
A-2). 


A-4.1 CONTINUITY EQUATION FOR AN 
IDEAL GAS 


The continuity equation for the steady 
One-dimensional flow of a compressible medium 
is given by Eq. A-47 which is repeated here for 
convenience. Thus 


m = puA = constant 


If the flowing compressible medium is an 
ideal gas, its density p can be expressed in terms 
of the local flow Mach number M by employing 
Eq. A-39 which is repeated here for conven- 


lence. Thus 
2 
U 


where y = cp/cy = the specific heat ratio = con- 
stant. Combining Eas, A-47 and A-39 yields the 
continui‘y equation for the steady one- 
dimensional flow of an ideal gas. Thus 


1 = APM a = APM } "ym. 
m hi ET RT {slug/sec) 


(A-72) 


where A is the flow area in sq ft, P is the 
absolute static pressure in psf, andim is 
the molecular weight of the gas. 


Eq. A-72 gives the mass flow rate of an ideal 
gas crossing the areu A with a flow Mach number 


equal to M. 
A-25 
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EXAt. -_. 


A duci is designed for the iscthermal flow of 
an ideal gas. At Station 1, where the 
cross-sectional area is A, the static pressure p, 1s 
to be 3@ psia, and the Mach number M, =0.4. It 
is desired that at Station 2, where A, =0.8A, that 
the Mach number be M,=0.75. What must be 
the decrease in the static pressure Ap between 
A, anda, ? 


SOLUTION. 


From data: 

T, =T, =T, A, =0.8A,,p, = 30 psia 
M, =0.4,M, =0.75,7, =7,=% 
R,=R, =R 


Eq. A-72 


=0,8A_p, (0.75) ./ 


APM, Jer RT 


Hence 
A,P, (0.4) =0.8A, p, (0.75) 
p, = 20 psia 
and 
Ap =p, — Pp, =10 psia 
A-4.2 MOMENTUM EQUATION FOR THE 


STEADY ONE-DIMENSIONAL FLOW 
OF AN IDEAL GAS 


The general momentum equation for the 
steady reversible one-dimensional flow of a 
compressible fluid, in the absence of body 
forces, is given by Eq. A-S5, which is repeated 
here for convenience. 


Thus 


2 

ie: j2- conscant 
2 p 

A- 
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A-4.2.1 REVERSIBLE STEADY ONE- 
DIMENSIONAL FLOW OF AN 
INCOMPR CSSIBLE FLUID 


If the flowing fluid is a liquid or if the Mach 
number for the flow of = compressible fluid is 
less than 0.3, the flow may be regarded as one in 
which p is a constant. Hence, for an 
incompressible flow Eq. A-55 integrates to 


“~~ 


I 


— + 
p 


exe 
N | are 


= constant (A-73) 


% [LP 


A-4.2.2 REVERSIBLE STEADY ONE- 
DIMENSIONAL FLOW OF A COM- 
PRESSIBLE FLUID 


For a compressible flow it is desirable to 
express the flow equation in terms of the Mach 
number. Rewrite Eq. A-53 in the form 


udu + dP do _ 9 
doy p 


But 
(3) = a? = (acoustic speed)? 
dp 
S 
Hence 
GP i y2 dig (A-74) 
p u 


A-4.2.3 IRREVERSIBLE STEADY ONE- 
DIMENSIONAL FLOW 


Let 6F¢ denote the x-component of the wall 
friction force acting on a fluid element, and 6D 
the x-component of the internal drag due to 
obstructions submerged in the flowing fluid; for 
example, struts, baffles, screens, etc. The 
irreversibility of the flow is due to the forces 
5F¢ and 6D, whick act in the direction opposite 


— i ee ns ee 


hd 


abe aa ; al 





a) scapes a 





, 





to that for the flow velocity. In this case, the 
momentum equation takes the following form! : 


2 
dP + p udu + p ball 4fdi + 1 6D/A =O 
Pp P P\ 2 D 2 q 


(A-75) 
where 


q= ; pu? =dynamic pressure (psf) (A-76) 


and 


f = t/q = friction coefficient (A-77) 
5F f= 7dS,, = wall friction force 


dS,,, = area of interior surface of the flow 
passage wetted by the flowing fluid 


dL = length of the flow passage 
t = 5F,/dS,, = shearing stress 


D = 4A/(wp) = 4A(dL/dS,,) = hydrautic 
diameter (A-78) 


(wp) = A(dL/dS,,,) = wetted perimeter of the 
flow passage (A-79) 


A-4.2.4 IRREVERSIBLE STEADY ONE- 
DIMENSIONAL F LOW OF AN iDEAL 
GAS 


For an ideal gas (see par. A-2) 


a? = yP/p;7 = Cp/cysM? =u? /a?; p= yP(M/u)’ 
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Introducing the preceding relationships into 
Eq. A-79 yields 


2 2 

+ + ¥ (se) (2) + -yM?| 4f 5 SOA =0 
Ne 7. = (yPM? } 

2 

(A-80) 


Eq. A-80 is the differential form for the 
momentum equation, also called the dynamic 
equation for the irreversible, steady one- 
dimensionalflow of an ideal gas. 


A-4.3 ENERGY EQUATION FOR STEADY 
ONE-DIMENSIONAL FLOW 


The differential equation for the steady 
one-dimensional flow of a fluid of small density 
is given by Eq. A-66 which is repeated here for 
convenience. Thus 


2 
s0-sw=an+a(%] 


In the above equation the enthalpy cnange 
dh may br due to one or both of the following 
causes: 


(a) A physical change in the state of the 
flowing fluid. 


(b) Chemical reactions inside the flow 
passage, as in the combustor of a ramjet 
engine (see Fig. 2-6). 


The heat addition term 6Q include: all of 
the heat which is transferred to the fluid across 
the control surface. In general, 5Q includes the 
following: 


(a) 6Q,, the heat transferred through the 
wulls of the flow passage, and 


(b) 6Q, the heat transferred to the fluid by 
bodies immersed in the fluid. 
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Hence, in general 


5Q= 5Q,, + 5Q, (A-81) 


A-4.3.1 ENERGY EQUATION FOR A SIMPLE 
ADIABATIC FLOW 


In the flow passages of a jet propulsion 
systern—such 4s ducts, diffusers, and nozzles—the 
flowing medium is a gas (low density) and, due 
to the speed of the flow, the flow process may 
be assumed to be adiabatic (6Q=0). By 
definition, the simple adiabatic flow of a fluid is 
characterized by 


6Q = 0;5W =0:; dz=0: ds>O 


The energy equation for a simple adiabatic 
flow is accordingly 


dh+ d (“")- 0 (A-82) 


Eq. A-82 applies to both irreversible (ds = 0) 
and reversible flows (ds>O). Integrating between 
any two cross-sections of a flow passage, 
denoted by the subscripts I and 2, yields 


2 2 
1 u 


Uu 
=h. + a = constant (A-83) 


h,+ > 


2 


Eqs. A-55 and A-56 give no indication of the | 


effect of irreversibility (friction) upon a simple 
adiabatic flow. 


A-4.3.2 ENERGY EQUATION FOR THE SIN- 
PLE ADIABATIC FLOW OF AN 
IDEAL GAS 


For an ideal gas, the simple adiabatic flow is 
characterized by the following: 


5Q = 0; SW = 0; gdz = 0: Cy = YR/(y—1); 
cy = R/(y-1); dh = c)dT; a? = yP/p = yRT: 
and ‘+y = Cy/Cy. 


A-28 


The energy equation for the simple adiabatic 
flow of ideal gas is accordingly 


fy? _ 
cp) dT +d (=) 0 (A-84) 


Integrating between Stations | and 2 yields 


= constant (A-85) 


LetM, =u, /a, and M, =u, /a, and substituting 


for Cy yields 
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= constant (A-86) 
or 
u? a? u? a? 
ie * = 4 + _* = constant (A-87) 
2 y-1 2 7-1 





A flow process for which u, Pu, is called a 
flow expansion and the flow passage tor 
achieving the expansion is termed either a nozzle 
or an effuser. Conversely, a passage which causes 
a flow compression, u,<u_, is called a diffuser. 
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A-4.4 ENTROPY EQUATION FOR’ THE 
STEADY ONE-DIMENSIONAL FLOW 
OF AN IDEAL GAS 


In general (see par. A-3.4) the entropy 
change for a system is given by 


dS > (2) 
T rev 


Because entropy is a thermodynamic prop- 
erty, the change in the entropy of a system can 
be calculated by the value of (6Q/T) for any 
arbitrarily selected reversible process connecting 
the same initial and final states '*'7:2°. Hence 


2 
= = dU + PdV 
AS=S, —S, -{ ea (A-89) 


i 


For a unit mass of a thermally perfect gas 
Py = RT, du = cdT, and dh = c,dT. 
Introducing these relationships into Eq. K 39 
yields 


dT 


i dv 
ds = Ve R-—- 


Vv 


= ¢ 21 _ Rd? (thermally perfect gas) (A-90) 


T p 
-¢ @_. a 
cpp ‘35 
Gi do 
=p ieee: tees Se 
Cp Fr : 


[Integrating Eq. A-90 between states | and a 


and assuining an ideal gas yields 


As =S, —S 
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()-»() 


= Cn 
2 P, ° 

— }—Rin 5 (ideal gas) (A-91) 
l 1 


T 
= Cy in r 

P p 
=c nf — J-~c.in = 
. (F) P (°:) 


Eqs. A-91 can also be written in exponential 
form; for example 


R/c = 
T, | P, v eee k 
T P “Vv 


1 


tT, (P\°? __ fa-s 
2 s[{2 exp [p ] (ideal gas) (A-92) 
T, P, . 


P 
2 = Pa ‘ exp 2 ~ a 
P, P,; “vy 


It is convenient for some purposes to express 
the entropy equation for an ideal gas in the 
following form! 














ds=e..a\in{— (A-93) 
. vr 


A-5 STEADY ONE-DIMENSIONAL _ ISEN- 
TROPIC FLOW 


The assumption that the flow is isentropic 
infers that the flow is adiabatic and reversible; 
i.e., that the flowing Quid is inviscid. A steady 
one-dimensional isentropic flow is characterized 
by the following conditions: 


6Q=5W=dm=ds=0 


@ 
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The assumption of isenvropicity is valid in 
those regions of a flow field where the velocity 
gradients perpendicular to the direction of flow 
are negligible; i.e., to the regions of an adiabatic 
flow field that are external to boundary luyers. 
According to boundary layer theory all fric- 
tional effects in a flowing fluid are confined to 
the boundary layers adjicent to the surfaces 
wetted by the flowing fluid, wherein the 
velocity gradients are large. Consequently, the 
fluid in the regions external to the boundary 
layers may be assumed to be a perfect fluid; i.e., 
a fluid characterized by the following two 
properties. 


(a) It possesses bulk elasticity so that K¥0. 


(b) It has no rigidity so that the shear 
modulus N is equal to zero, 1.e., it Is 
inviscid. 


If the fluid is an ideal gas, then! > 


(a) its isothermal bulk modulus is given by 


oP 
Kp=-v(<) = : 
; oe (i, P (A-94) 


(b) its isentropic bulk modulus is given by 


Q 
K, = — “(#) = 7P (A-95) 


S 


If an ideal gas undergoes an isentropic 
change of state, then 


Py’ = constant (A-96) 


To indicate that a state is reached by an 
isentropic process the superscript prime (') will 
be attached to the pertinent properties of the 
fluid corresponding to the state reached by the 
isentropic change of state. For example, if an 


A-30 


ideal gas at a static pressure P, and a Static 
temperature T, is compressed isentropically to 
the static pressure P,, then tne temperature of 
the gas corresponding to P, is denoted by T, 
and computed from the relationship 


c /R (y-1)/7 
Ly = ra ° = a. (A-97) 
T, Pp P, 


The assumption of isentropicity is realistic 
for subsonic and supersonic flows when the 
conditions discussed above are closely approxi- 
mated. It should be noted, however, an adiabatic 
diffusion of a compressible fluid may be 
assumed to be isentropic-when &Q~0O and 
fr’ ‘ion is negligible—only if the flow is subsonic 
throughout. 


yn &= 


If a supersonic cornpressible fluid is being 
diffused the flow may be assumed to be 
isentropic—-when 6Q =O and friction is negligi- 
ble-—only if no shock waves are produced in the 
flow field. Shock waves increase the entropy of 
the flowing fluid. Consequently, even though 
the flow is adiabatic and frictionless on both 
sides of a shock wave which may be regarded as a 
discontinuity in the flow, a flow in which one or 
more shock waves are present cannot be an 
isentropic flow. 


A-5.1 ENERGY EQUATION FOR’ THE 
STEADY ISENTROPIC ONE- 
DIMENSIONAL FLOW OF AN IDEAL 
GAS 


The differential form of the energy equation 
for either a reversible (ds=O) or an irreversible 
adiabatic flow is given by Eq. A-67 which is 
repeated here for convenience. Thus 


@ 
dh+d (= ]=0 (B/slug) 
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Eq. A-67 does not indicate explicitly the 
effect of irreversibility, if present, upon an 
adiabatic flow process. The effect of irreversibil- 
ity in the flow jis indicated in the integration of 
Eq. A-67. If a simple adiabatic flow is reversible 
(isentropic) then it 1s characterized by 


5Q = 0; 5W = 0; dm = 0; dz = 0; ds = O. 


To distinguish an isentropic flow from a 
simple adiabatic flow, the upper limit of the 
integration of the adiabatic energy equation is 
denoted by 2’, while for the simple adiabatic it 
is denoted by 2 (without a prime sign). Thus 


(a) Simple adiabatic flow 
(dm/m = 5Q = 6W = dz=0, ds >0) 


2 2 
| dh + | udu = constant 
i 


so that 
us ut 
h, + > =h, + > = constant (A-98) 


lf h,<h, , then u, > U, and the process is a 
flow expansion. Hence, the specific enthalpy 
change for a simule adiabatic flaw cxpansion, 
denoted by Ah; = u, —h,, is given by 


Ah, = 


aC 


—u‘) (B/slug) 


2 
z 


tN |= 


For a simple adiabatic flow compression, 
h,>h, and u,<u,, the corresponding change in 
the specific enthalpy of the fluid is denoted by 
Ah, = h, —h,,so that 


Ah, = —u5) (B/slug) (A-99) 


2 
(u, 


ha |— 


¢: 
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The corresponding equations for an isen- 
tropic flow are presented below. 


(b) JIsentropic flow (dm/m=5Q=5W =dz=ds=0) 


Fad 


) 2 
pee 2). wh, +o) (A-100 
i eel 3 = constant -10Q) 
Ahg= hy —hL = 5 [u)?—u2) (4-101) 
Ake = hi, —h, = 5 [u? - (W4)") (A-102} 


Figs. A-7(A) and A-7(B) compere the simple 
adiabatic and the isentropic flow expansion and 
compression processes in the hs-plane. It is seen 
that for identical values of the initial and final 
Static pressures Pe and P,, , respectively 


(a) flow expansions 
Ah; > Ah, h, < h,,u, 7 uU, 
(b) flow compressions 


Ah, < dhy, hy <h,, uy >, 


The difference between the specific enthalpy 
changes for an isentropic flow and its corre- 
sponding simple adiabatic flow is equal to the 
energy expended in cvercoming irreversible 
processes. To illustrate: if 5Qs denotes the 
energy per unit mass expended in overcoming 
irreversible phenomena, then for an expanding 
flow process 


Ah, = Ah} ~ 5Q¢ (A-103) 


For an isentropic process 6Q¢= 0. 
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Figure A-7, Comparison of Isentropic and Adiabatic Flow Processes in the hs-plane 
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A-S.2 STAGNATION (OR TOTAL) CONDI- 
TIONS 


Consider the steady, one-dimensional, adia- 
batic flow of a compressible fluid between 
sections 1 and 2 of a flow passage. The 
integrated form of the energy equation, from 
Eq. A-98, 1s 


Fq. A-98 applies to both reversible and 
irreversible adiabatic flows. 


A-5.2.1 STAGNATION (OR TOTAL) = EN- 
THALPY (h° ) 

Consider the case where the fluid ts 

decelerated isentropically to zero speed (u, = 0); 


i.e., the process is an isentropic diffusion or flow 
compression. Then by definition 


2 
ho=h+ = = constant (A-104) 


where h® is the stagnation or total enthalpy. 
Eq. A-104 applies to either a simple 


adiabatic or an isentropic one-dimensionai 
steady flow of a compressible fluid. 


A-5,.2.2 STAGNATION (OR TOTAL) TEM- 
PERATURE (T°) 


If the flowing fluid is a thermally perfect 
gas, then dh = cpdT, and Eq. A-67 becomes 


u- 
c)dT +d (":)- 0 (A-105) 


‘ 
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If the fluid is an ideal gas (c,)*constant), and 
if T° denotes the stagnation temperature, also 
called the total temperature, one may write 


2 
Cy T°=h? = Cy T+ i = constant (A-106) 


Or 


2 
T°=h?/c. =T+ —— = constant (A-107) 
p 2p 


Eq. A-107 is the energy equation for the 
steady one-dimensional flow of an ideal gas 
under either adiabatic or isentropic conditions. 


According to Eq. A-107, the total tempera- 
ture remains constant along the flow path for 
either a simple adiabatic or an isentropic flow of 
an ideal gas. Such a flow is said to be 
isoenergetic. 


For an ideal gas 


= ia eee 2= 7 
Cy x (3) ma oR’ ; 


Applying Eq. A-107 to reference sections | 
and 2 of a one-dimensional flow path, ard 
solving for T,, yields 





(adiabatic) (A-108) 


If the flow process is isentropic, T, is 
replaced by T) and u, by u,. 


In Eq. A-108 if u,=0. the corresponding 
value of T, is denoted by T° and is called either 
the sfugnarion or the total temperature. 
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Hence 
r = 1+ eS M? = constant (A-109) 


Logarithmic differentiation of Eq. A-109 
yields 


A-5.2.3 STAGNATION (OR TOTAL) PRES- 
SURE (P° ) 


The total temperature T° may be consid- 
ered to be the temperature of the gas in an 
infinite reservoir from which it flows and 
accelerates (under the conditions dm/m = 6Q = 
5W = 0) to the actual gas velocity u. The 
corresponding value of the static pressure in the 
infinite reservoir (where u=0) is called either the 
Stagnation or the total pressure, and is denoted 
by P°. 


In a corresponding manner the density of 
the gas in the infinite reservoir is termed the 
Stagnation or total density, and is denoted by 
p=p°. Hence, for a thermally perfect gas, one 
may wnite 


P° = p°RT? (A-111) 


Ir the case of the isentropic flow of an ideal 


y-! 
= oo) (isentropic) (A-112) 


Combining Eqs. A-109 and A-112, yields the 
following relationship between the Stagnaticn 
pressure ratio and the flow Mach number: 


Y 
O - zs 
Ps 1+ t 2 | i ' (isentropic) 
P 2 ; (A-1 13) 


It should be noted that the total pressure P© 
for any flow can always be calculated by merely 
assuming that it originated from an infinite 
reservoir and accelerated isentropically to its 
actual values of static pressure P and flow Mach 
number M. 





Table A-| presents T/T°, P/P°, and p/p° as 
functions of M for the isentropic flow of several 
gases. : 


A-5.2.4 RELATIONSHIP BETWEEN STAGNA- 
TION PRESSURE AND ENTROPY 


For aunit mass of an ideal gas, the change in 
entropy ds for a closed system is given by Eq. 
A-93, which is repeated here for convenience. 
Thus 


ds=c,d ln a 





Substituting for T from Eq. A-109 and for P 
from Eq. A-113, one obtains 


= T° 
iigtind =) 20 


"eo 





(A-114) 


For an isoenergetic flow (see par. A-5.1.3) 
the total temperature T° remains constant 





nabs mode. | 


owe Seago, 16 1 





LS ARE UD: aon OE CREE | mem 5 Nk ODS ETO Gm ee ED RO FD PNT Ie - ee 


ee Eat Wes, 2 Ge ee ER nS AE ET SIR GR ES Cw NP ME SBR SOOT Ww” '” 





eo le De, nena 





ww ede ee ee | Pyvewrererr-ew 


throughout the flow path. Hence, for a real 
isoenergetic flow, since ds#Q. the total pressure 
P° decreases in the direction of flow. For an 
isentropic flow, however, ds=0 and the total 
pressure remains constant throughout the flow 
path. In other words, the decrease in the 
magnitude or the stagnation pressure of the gas 
may be regarded as a measure of the increase in 
its specific entropy, i.e., a measure o! ga3 
irreversibility of the flow process. 


From Eq. A-114 one obtains for an 
irreversible simple adiabatic flow (T° = const.) 
that 


4s=s, —s, =Rin (PO /Po) > 0 (A-115) 


Or 


= @ ~As/R (A-1 16) 


~Bed 


Eq. A-114 can be transformed to read 


O — Q 
_ dT° (= 2 o (A-117) 


The relative change in total pressure, 
dP° /P° , is obtained by logarithmic differentia- 
tion of Eq. A-113. Thus 


dpPo = dP, tM2/2 Me (A-118) 
re . Ats () M? 


It should be noted that if heat is transferred 
to a flowing gas or if it performs external work, 
there cannot be a conservation of the total 
pressure. The heat added to a compressible fluid 
causes the total pressure to decrease even if the 
heating process is reversible. If the heating 
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process is irreversible, the decrease in the total 
pressure is larger than it would be for a 
corresponding reversible heat-exchange process. 


A-5.2.5 STAGNATION (GR TOTAL) DEN- 
SITY (p°) 


The stagnation density is calculated from 
Eq. A-111. Thus 


p° = “3 = Aa (slug/ft? ) (A-1 19) 


where v9 = 1/p° = the tota! specific volume. 


Combining Eqs. A-113 and A-119 yields the 
following relationship between the stagnation 
density ratio p°/p and the flow Mach number 
M. Thus 


a 1/(y—-1) 
= [ + (5) | (A-120) 


A-5.2.6 STAGNATION ACOUSTIC SPEED 
(a® ) 


> IS 


It was shown in par. A-5.2.1 that the energy 
ejuation for the steady one-dimensional isoener- 
getic flow of an ideal gas can be written in the 
form of Eq. A-109, which is repeated here for 
convenience. Thus 


he y-1 
—_ = + jee 2 
ais (To 


It is seen from the above equation that the 
local gas temperature T in an isoenergetic flow 
vanes with the velocity of the flowing ideal gas. 
Consequently, the local value of the acoustic 
speed a (see par. A-2.6.2) is a variable. An 
isocnergetic flow is characterized by T° = 
constant, hence an acoustic speed referred to T° 
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is a constant and can be employed as a reference 
speed for the flow. By definition, the stagnation 
acoustic speed a° is given by 


a= ./yRTO (ideal gas) (A-121) 


where R is the gas constant = R,,/m. 


Hence . 
(a? )? _ dae y¥—1 M2 
a) PT lalate 


A-5.2.7 NONDIMENSIONAL LINEAR VELOC- 


ITY (w=u/a®) 


The mondimensiona’ linear velocity w_ is 
defined by! 


u M 


= = (A-123) 
‘ 1+ (5 "| | 2 


In terms of the expansion ratio P/P° 


v= 





p\7 2/7 
w= = 1— 
a Ts 


(A-124) 


A-5.3  ADIABATIC EXHAUST VELOCITY (ug) 


The gas velocity obtained by expanding a 


propulsive gas flowing through the exhaust 


nozzle of a jet propulsion systefn is obtained 
directly from Eq. A-98. Thus 


us = s/2(h° —h,) (A-125) 
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whete h, denotes the specific enthalpy (B/slug) 
in the flow cross-section A,, and k° is the 
Stagnation specific enthalpy. The expansion 
process iS assumed io be a simple adiabatic 
process (6Q = 6W = QO). 


For an ideal gas, hO= 2¢,T? and h=c,T, so 
p 
that 


| T 
ue = pT? ( ~ *) (A-126) 


One may wnite, in general, that if T is the 
static temperature of an ideal gas moving with 
the velocity u, then 





2 
T=T° - i OTP ATi (A-127) 
P 


In Eq. A-127 the ratio u?/2c,, is often called 
the impact temperatnre rise mee is denoted by 


ST imp: 


A-5.4 iSENTROPIC EXHAUST VELOCITY (u’) 


Let h’ denote the final specific static 
enthaipy of a flowing compressibie fluid which 
undergoes an isentropic flow expansion. The 
corresponding velocity of the fluid is termed the 
isentropic exhaust velocity, and is denoted here 
by u’. 


Let h? denote the stagnation specific 
enthalpy of the fluid, then ° 


u= ./2(h° —h’) = 2Ah, 
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If the flowing fluid is an ideal gas, then P/p? 
= constant and 


2 F i \ po po ican 7 po 
ee) ee Pe = ea oe 


oD 


(A-128) 





Combining the last equation with Eq. A-128, 
yields 


(A-129) 


Or 


(A-129a) 


fam 


Z=1- ( Z)? = expansion factor 


a = /yR,T°/im = stagnation acoustic speed 


Then, the isentropic exhaust velocity is given by 


(A-130) 
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Eq. A-129 is known as the St. Venant- 
Wantzel equation and applies to the steady, 
one-dimensional isentropic flow of an ideal gas. 


It is apparent from Eq. A-129 that for given 
vaiues of the expansion ratio P/P® , specific heat 
ratio y, and total temperature T©, the isentropic 
exhaust velocity u’ depends directly upon the 
parameter ./ T?/m For the same initial and 
fina) flow conditions, gases having small 
anolecular weights give the larger values of the 
isentropic exhaust velocity u’, the latter is also 
termed the isentropic discharge speed. 


The isentropic #xhaust velocity u’ is the 
highest speed which can be attained by 
expanding an ideal gas, under isentropic 
conditions, by discharging it through an exhaust 
nozzle. Since an actual flow through an exhaust 
nozzle is irreversible, the velocity u’ cannot be 
obtained ina real flow expansion even when it is 
conducted under practically adiabatic condi- 
tions. Consequently, the adiabatic exhaust 
velocity u, (see par. A-5.3) is always smaller 
than the isentropic exhaust velocity u’. 


A-5.4.] NOZZLE EFFICIENCY (n,). 


The efficiency of a nozzle is defined by 


My = Aby/Ahy = (ug/u’)” (A-131) 


A-5.4.2 NOZZLE VELOCITY COEFFICIENT 
(9) 


By definition 


¢=u/u= Vn, (A-132) 


A-S.5 MAXIMUM ISENTROPIC SPEED (c, ) 


Referring to Eqs. A-128 and A-129, one can 
show that the isentropic exhaust velocity attains 


A-37 


- ~~. come NN eee See) 


































~S twee Catt Od ~ript ee mgs \ 1 ar "e 


idee a Se 


AMCP 706-285 


its maximum valine when the expansion ratio 
P/P© is zero; i.e., when Z,= 1. The value of u’ 
corresponding tu Z,= 1 is called the maximum 
isentropic speed and is denoted by c,. Hence 


= - 0 2 Y 
Co =Umax 73 ee J2(44)ar 
=4/2c,T° (A-133) 


The speed ¢, =Unpay iS a fictitious charac- 
teristic quantity fora given flow. If T° is given 
then for a given gas, the speed c,, is determined. 
Physically, the speed c, is that which would be 
attained by an ideal gas if all of its random 
kinetic energy were trz:.sformable into directed 
kinetic energy. -ince T=0 \ nen P=9O, all real 
gases liquefy be:;cr> the condition T = Ocan be 
attained. 


The maximum isentropic speed c, is the 
maximum speed which can be obtained by the 
isoenergetic flow of an ideal gas from an infinite 
reservolr. It does nof apply to the motion of a 
body in a gas, such as a missile moving through 
the atmosphere. The limitation on the max:mum 
speed attainable by such a body is the difference 
between the available thrust and the drag of the 
body. 


A-5.6 CONTINUITY EQUATION FOR 
STEADY ONE-DIMENSIONAL ISEN- 
TROPIC FLOW OF AN IDEAL GAS IN 
TERMS OF STAGNATION CON- 
DITIONS 


The mass rate of flow of a gas m, assumir 2 
steady One-dimensional flow, is given by Eq. A-72 
which is repeated for convenience. Thus 


m= APM./ — 
RT 


A-38 


In terms of the stagnation temperature T° 
and the stagnation pressure P© , m is given by 


| sty 
m= AM Hee te ™ 
vV/ 6 Di V R 1+ Y— l M2 
zZ 
= constant (A-134) 


The flow density G=m/A = pw is accord- 
ingly given by! 








(A-135) 


In Eq. A-135, when P=P,=the static 
pressure in the exit section of a propulsive 
nozzle having the cross-sectional area A,, the 
mass rate of flow m= G,Ag. 


Let r,=P/P° =the expansion ratio, Then 
Eq. A-135 can be rewritten in the form 








PY | 2 ay ty 
G=pu= a ry —T 
yRTO WV” 
(A-1 35a) 


Eq. A-135a can be rewritten in the form 


po apy (YI 

c=1 [2 [1 ot (A-135b) 
4? 7-1 

where 

a° = \/yRT° = stagnation acoustic speed. 
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Table B-5 presents values of functions of y — 
such as (7 + 1)/7, 1/y, etc. — asfunctions of y. 
Table B-6 presents values of (P /P,,)as a function 
of y. Hence 


2/y (y+ D/¥ 
Garay fe (=) ‘1 (A-135c) 
pe y¥—1yV \po po 


The ratio Ga?/P° is often termed the 
dimensionless flow density parame ter. 


For a given gas flowing under prescribed 
conditions, all of the terms in Eq. A-I35a are 
constants except the expression involving ry. The 
equation for G shows that there is a particular 
value of r, = P/P°, termed the critical expansion 
ratio {denoted by r;*), that makes G a 
maximum. The critical expansion ratio 
1,* = P*/P° is determined by differentiating the 
radical involving r, in Eq. A-] 35a and setting the 
result equal to zero. The result is 


* 4/(y-1) 
r= Pre (A) (A-136) 
po y+1 


It will be seen in par. A-6.1.3 that when 
r,* the Mach number in the flow area where 
P = P* has the value M = 1. 


If the value of r=P/P° is reduced 
continuously from unity to r=r* the flow 
density G increases continuously. Reducing r 
below the value r* does not increase the flow 
density G because u’ increases to the value Cy 
when r, =0, and the density o decreases and Is 
zero when ry = 0. 


When r,=r,*, the corresponding flow 
density is G = G* and is given by 


yeh 
O 2(y = 1) 
gee FOU 4) (A-137) 
/yRT? le 
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Eq. /.-137 applies to the steady, one- 
dimensiona! isentropic flow of an ideal gas. 


It will be seen later that the maximuni flow 
density for the isentropic flow in a nozzle occurs 
in the throat of the nozzie. ‘ 

~| 
Table B-5 presents the parameters (2. 


y71 
2 \o-D | 
d yl as functions of oe 


A-6 CRITICAL CONDITION FOR’ THE 
STEADY ONE-DIMENSIONAL _ ISEN- 
TROPIC FLOW OF AN IDEAL GAS 


Assume that an ideal gas is discharged from 
an infinite reservoir wherein u=0, T=T°, 
P=P°, and p=p°; and that the gas expands 
isentropically (ds=0) as it flows through a 
variable area one-dimensional discharge duct. 
Fig. A-8 illustrates schematically the physica! 
situation due to the flow expansion of the gas. 


The isentropic flow expansion causes the 
following physical changes in the properties of 
the gas as it flows through the variable area 
duct: 


(a) The stagnation pressure P© and the total 
temperature T° remain constant 
throughout the flow path. 


(b) The static pressure P of the fluid 
decreases in the direction of flow. 


(c) The static temperature T of the fluid - 


decreases. 


(d) The isentropic velocity u’ of the fluid 
increases. 


(e) The local acoustic speed a= ./ yRT of 
the fluid decreases. 


(f) The local Mach number M=uw’/a 
Increases. 
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Figure A-8. Isentropic Flow Expansion of a Gas to the Critical Condition 


(g) At a particular cross-sectional area of the 
duct, denoted by A*, the velocity u’ is 
equal to the local acoustic speed, i-e., 
M = u’/a = 1. 


The cross-sectional area A®* is called the 
critical area and the value of a in A® is called the 
critical acoustic speed which is denoted by a*%, 
ie, u’=u*=a*, The corresponding Mach 
number is unity. Thus 


u’ a*® 
= | = -_ =| 
Ma (“) q® 
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A-6.1 CRITICAL THERMODYNAMIC PROP- 
ERTIES FOR THE ISENTROPIC FLOW 
OF AN IDEAL GAS 


It was shown in the foregoing that if an ideal 
gas is expanded isentropically in a_ steady 
one-dimensional flow, there is a critical area 
A* where the gas velocity u’ = a® = critical 
acoustic speed. 


A-6.1.1 CRITICAL ACOUSTIC SPEED (a*) 





By definition 


a*=./yRT* 


(A-1 38) 
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The critical acoustic speed a* and the loca: 
acoustic speed at an arbitrary cross-sectional 
area A can be related by the following form of 
the energy equation for an isoenergetic flow: 





Z 2 
= 7 ee jer (a*)? = constant 


v—-1 |%y—1) (A-139) 


Eq. A-139 applies to the steady one- 
dimensional isentropic flow of an ideal gas. 
Since y and R are constants for a given gas, the 
critical acoustic speed (see Eq. A-139) is a 
constant which can be employed as a reference 
velocity for the flow. 


A-6.1.2 CRITICAL STATIC TEMPERATURE 
(T*) 


From Eqs. A-122, A-136, and A-138, it 
follows that 


ee (A-140) 


Or 


T* = To [4 
y+1 


A-6.1.3 CRITICAL EXPANSION RATIO 
(P*/P®) 





For an isentropic process 


» f wld) / YiCy-1) 
 . = : = ern 
po T° yt] 


Eq. A-141 was presented earlier in par. A-5.6 


and is the critical expansion ratio for the flow of 


an ideal gas. 
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A-6.1.4 CRITICAL DENSITY RATIO (p*/p°) 


For an ideal gas which experiences an 
isentropic change of state 


F = constant 


py 
Hence 
4 O ps Ly 4 li{y—1) 
Po = VY =ft_ = aa (A-142) 
p° v* po y+l1 


Table B-S presents the functions of y that are 
equal to the ratios T*/T° , P*/P° , and p*/p° as 
functions of the specific heat ratio +. 


A-6.1.5 DIMENSIONLESS VELUCITY 
(M* = u/a*) 


The local Mach number M = u/a suffers from 
the disadvantage that it is not proportional to 
the flow speed of a flowing fluid because the 
acoustic speed a varies witn the temperature of 
the fluid. A so-called dimensionless velocity. 
denoted by M*, is useful because it is 
proportional to the flow speed u. By definition 


M* = - = dimensionless velocity  (A-143) 


The dimensionless velocity M* can be 
related to the local Mach number'. Thus 


Ds 
uy 2 Nef 


(A-1 44) 
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Solving Eq. A-144 for M?, yields 


es (M*)? 
M2 = (- +1 


he (2= Amey 
y+ i 


Inspection of Eqs. A-144 and A-!145 shows 
that 





(A-145) 


(a) If M=0, M*=0 
(b) M#=1, M* = 1 
(c) M- >, M*+/ (y+ 1)/(y—1) 


Table A-1 presents M* as a function of M. 


A-6.2. RELATIONSHIPS BETWEEN THE REF- 
ERENCE SPEEDS 2°, a* AND ¢, 


The critical acoustic speed a* can be related 
to the stagnation acoustic speed a° and the 
maximum isentropic speed c,. Thus? 





+ 
p= ge / Yl . (A-146) 
Aliso 
Co * a° 2 1 = a* tll (A-147) 
ee > 


A-6.2.1 RELATIVE VALUES OF REFER- 
ENCE SPEEDS FOR A GAS HAVING 
7 = 1.40 


The reference speeds a°, c,, and a* have 
the following relative values for an ideal gas 
having 2 specific heat ratio y = 140: 


a? = 1.095 a*, = 2.449 a* 


Co 
A-42 


eth -_—~S  o —_ -— 


where 
a* = J yRT* (A-148) 


A-6.2.2 ENERGY EQUATIONS IN TERMS OF 
THE REFERENCE SPEEDS a° AND 


Co 


The energy equation for the steady one- 
dimensional isentropic flow of an ideal gas in 
terms of a®*® is given by Eq. A-139, The 
corresponding equations in terms of the 
stagnation acoustic speed a° and the maximum 
isentropic speed c, are as follows: 


eat (a° )? (A-149) 
y¥-1 
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A-6.3 CRITICAL AREA RATIO FOR THE 
STEADY ONE-DIMENSIONAL §ISEN- 
TROPIC FLOW OF AN IDEAL GAS. 


The general continuity equation for a steady 
one-dimensional flow is given by Eq. A-47 which 
is repeated here for convenience. Thus 


m = puA = constant 
If the flowing fluid is an ideal gas and the 
flow is isentropic, one may write 


m = puA = p*a*A* = constant 
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where A®, the critical flow area, is the flow area 
where the gas speed u=a*. The critical flow 
density G* is introduced, which is defined by 


a G* =n,, A* = p*a* 


But 
G=m/A = pa 


Hence 


A 
A* 


Ol9 


= the critical area ratio (A-151) 


A-6.3.1 CRITICAL AREA RATIO (A/A?) 


The ratio A/A® in terms of the ratio 
r, = P/P®° is given ty' 


, if/(y—-}) 
A y+ 
P \(rDiy 
pe 


(A-152) 








Eq. A-152 relates the static pressure at a 
given flow cross-section to the area of that 
cross-section. 


The critical area ratio can be 2xpressed as 
function of the flow Mach number M by 
eliminating the ratio P/P° from Eq. A-152 by 
means of Eq. A-113 (see par. A-5.2.3). The 


result is 
yt 1 
1+ (2 = ) ng? | 207-) 
: All |_N 2S (A-153) 
vie A* M (y + 1)/2 
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Eq. A-153 relates the Jocal Mach number to 
the Jocation in a one-dimensional flow passage 
Where the area ratio is A/A*. For each value of 
A/A* there are two values of M which satisfy 
Eq. A-153; one value is a subsonic flow (M<1) 
and the other is a supersonic flow (M>1). The 
value M<1 corresponds to subsonic flow in a 
converging flow passage and the value M>1 
corresponds to flow in a diverging flow passage. 


Table A-1 presents values of A/A® as a 
function of the flow Mach number M. 


A-6.3.2 MASS FLOW RATE (1) AND CRITI- 
CAL AREA RATIO (A/A*) 


From Eq. A-!34 (see par. A-S.6) and Eq. 
A-i153 one obtains the following relationships 
between the mass flow rate m and the critical 
atea ratio A/A* for a one-dimensional flow 


passage! : 
vti 


- PPA ¥ 2\ 1 _ 
- fe (2;) (cae) 59 


The advantage of Eq. A-154 1s that Table 
A-1, which lists values of A/A* as a function of 
Mach number for the steady one-dimensional 
isentropic flow of an ideal gas, can be employed 
for determining the flow Mach number directly, 
as Is seen from the example which follows. 











EXAMPLE A-3. 


At a particular station in a converging 
passage the weight rate of flow of air at standard 
sea level is 25 lb per sec. The stagnation 
temperature and pressure of the air are 900°R 
and 30 psia, respectively. The cross-sectional 
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area is A = 0.4 sq ft and the flow is subsonic. 








Calculate the Mach number. — 
SOLUTION. 
P° = 30 psia;s T° =900°R; y=1.40; 
R = 52.35 ft-lb/°R. 
Eg. A-154 
al 
2 r O 7 
ww=ing.= POA /e f(2N" 1 
/ T° K y + A/A* 





_ __(30)A 1 
~ 1.88,/900 A/A* 


Hence 


30 (144) (0.4) 
1.88,/900 (25) 


A _ zi 
At = 1.225 


From Table A-], M = 0.57 


A-6.4 FLOW ARKEA CHANGES FOR SUB- 
SONIC AND SUPERSONIC _ISEN- 
TROPIC FLOW 


Eq. A-153 relates the critical area ratio A/A* 
and the local Mach number M for a steady 
one-dimensional isentropic flow of an ideal gas. 
Tne relative change in flow cross-sectional area 
dA/A, the relative change in velocity du/u, and 
the relative change in the static pressure dP/P are 
related tc the flow Mach number M. It can be 
shown that! 


a4 = (Mm? 1) S (A-155) 
A u 


A-44 


and 


(A-156) 


>|> 


ait 2 dP 
y (M? P 


Eqs. A-155 and A-156 govern the manner in 
which the flow area A of a flow passage must be 
varied to accomplish either nozzle action (dP/P 
negative) or diffuser actions (dP/P positive) for 
either the subsonic (M<1) or supersonic (M>1) 
steady one-dimensional isentropic flow of an 
ideal gas. 


Fig. A-9 illustrates the configurations of the 
flow passages for nozzle and diffuser actions. 


From the consideration of Eqs. A-155 and 
A-156 one derives the following conclusions: 


(a) A continuous flow passage for accelerat- 
ing the isentropic one-dimensional flow 
of an ideal gas must comprise 2 
converging passage followed by a diverg- 
ing passage, as illustrated in Fig. A-10, 


(b) A continuous flow passage ‘or decelerat- 
ing an ideal gas from an_ initially 
supersonic flow to a subsonic flow must 
compfise a converging passage followed 
by a diverging passage. 


(c) The Jack pressure P® acting on the exit 
cross-sectional area A, of the diverging 
tlow passage determines whether that 
portion of complete flow passage accom: 
plishes either nozzle or diffuser action. 


A-6.5 DIMENSIONLESS THRUST FUNCTICN 
(F/F *) 


The thrust function (see par. A-3.2.1) is 


defined by Eq, A-S6, which is repeated here for 
convenience. Thus 


FS PA+M =PA+ pAu? 
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Nozzle Diffuser # 
ee ——— bs 
M<1 u increases M <1 u decreases 
P decreases P increases 
(A) ; 
M>1 — M>1 
: u increases ellen u decreases 
P decreases ee eases 
(B) 
Figure A-9. Area Configuration for Nozzle or Diffuser Action, for the 
One-dimensional Flow of an Ideal Gas 
THROAT 
u 
—_———— 
u<d * 
or Po 
u>da 
| PASSAGE CAN 
BE EITHER A 
Xx NOZZLE OR A 
DIFFUSER 
Figure A-]10. Converging-diverging Flow Passage 
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For an ideal gas a* =yP/p and M? = u?/a? 
so that 


F=PA(1 + 4M?) (A-157) 


Eq. A-157 applies to the steady one 
dimensional flow of an ideal gas. Let F* be the 
value of the thrust function when it is evaluated 
for M=1. Hence, the dimensionless thrust 
function F/F* is given by 


F o(P\ (A\ (Let 
Fe \pP* * l+y¥ 


For P/P* one may write 


(A-158) 


Employing Eq. A-113 for P/P°, Eq. A-141 
for P*/P,,, and Eq. A-153 for A/A*, one obtains 


F _ (1 +yM?) 


M +1 [1 (O54) me 


Fe 
Eq. A-I59 applies to the steady one- 
dimensional isentropic flow of an ideal gas. 


(A-159) 





For a steady one-dimensional adiabatic flow, 
the stagnation pressure ratio is given by Egqs. 
A-113 and A-116 (see par. A-5.2.4), and can be 
rewritten in the form 


- = exp g (s* — Vey | 


A-46 


where s® is the value of s where M = 1. Hence, if 


the flow is steady, one-dimensional, and 
adiabatic 


(1 + -yM?)exp | — (s* — yey Pere “? 


M [27+1) ives | 


3 

2 
, 
2 
e 
,? 
r 


fs 
F* 


For solving some types of problems the 
product of the following ratios (A/A*\P/P°) is 
useful. It is tabulated as a function of M, for 
different values of the specific heat ratio y in 
Table A-1. Muitiplying Eq. A-153 by Eq. A-113, 
gives 





vel 
&(E)- a ral 
A* _ y+ 1 
Pe M /1t (>) M2 
(A-1 61) 
A-7 FLOW OF AN IDEAL GAS IN A 


CONVERGING-DIVERGING ONE- 
DIMENSIONAL PASSAGE 


Fig. A-1l1  dlustrates schematically a 
converging-diverging flow passage through which 
an ideal gas flow isentropically. The continuity 
equation for a one-dimensional flow of an ideal 
gas (see par. A-4) is given by Eq. A-72 which is 
repeated here for convenience. Thus 


m= APM,/7/RT 


The dimensionless flow density parameter 
Ga? /P° is obtained from Eq. A-135c. Thus 


? a 
Ga™ . ‘ / 2 Pg er . 
po j/7-l 


é 


where the expansion ratio r, = P/P°. 
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Figure A-11. Converging-diverging Flow Passage Which Passes the Critical Mass Flow Rate m* 


The parameter Ga°/P° vanishes for two 
conditions: (i) if the velocity u = 0, or (2) if the 
density p=0. These two cases will now be 
examined. 


Case 1. (P/P° = 1) 


In this case PC — P= 0, so that u= Oandp = 
o° . Consequently m = 0. 


Case 2. (P/P° = 0) 


In this case the gas expands into a vacuum, 
and since the flow is isentropic, the gas attains 
the maximum isentropic speed (see par. A-5.5). 
Hence 


Co =a V 2A(y- 1) 


Since P=Qand T=0, then for a perfect gas 
p =0. Consequently, G=pu=Oand m=O. 


It would appear from the preceding that if G 
is plotted as a function of P/P°, then G=0 
when P/P° =O and when P/P° =1. Conse- 
quently, G would have at least one maximum 


ee ae aw oe oe ee ce oS ae 
dima es —_s ——_— ea: 66.8, ee, ee ts ee - 


a eee ts ss —s Sic: = e's — A % —— — 








e 
S (CONTROL SURFACE) 


point between the two aforementioned values of 
P/P® ; actually, there is a single maximum point. 


A-7.1 MAXIMUM FLOW DENSITY 


Fig. A-11 illustrates schematically the 
isentropic flow through a converging-diverging 
flow passage. Assume that the passage passes the 
maximum mass flow rate of an ideal gas, 
denoted by m*. Hence, one may write for any 


arbitrary cross-sectional area of the flow passage 
A that 


m = m* = pAu= constant 


Logarithmic differentiation of the last equation 
with respect to x, the length of the converging- 
diverging flow passage, yields. 


T\ GA yf l\du g (1\ 42 2 gy (a6) 
A/ dx u/ dx dx 


Fig. A-|2 presents dA/dx asa function of x. 
It is evident that at the smallest cross-sectional 
area of the flow passage, called the throat and 
denoted by A,, the derivative (dA/dx), = 0. 
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THROAT A,= A” 


0 t 
m* 
dA 
dx 
t 


x 


Figure A-12. Functional Relationship Between dA/dx and x for the Flow of an Ideal 
Gas in a Converging-diverging Flow Passage 


Substituting dA/dx =O into Eq. A-I51, one 
obtains 


e)-2 
dx t Pt ax] 


where the subscript t refers to the throat section 
A;, and the subscript s denotes that the 
expansion of the gas is isentropic. Because the 
flow is assumed to be isentropic, the momentum 


equation referred to the throat (see par. A-4.2.3° 


becomes 
dP + pudu = 0 
or 
(2: --(2 (2) 
dx 
t vet _ S 
A-48 


x 


Equating the two expressions for (du/dx), and 
solving for the velocity in the throat section Ay 
yields 


_ {dP 
u=u,={—] = (a*)? 
(és) 


The last equation demonstrates that when a 
converging-diverging passage passes the maxi 
mum flow rate m*, assuming isentropic flow, the 
fluid speed crossing the throat of the passage is 
equal to the local acoustic speed, Le., 
u= uy = u* =a*. Hence, in the case of the 
steady, one-dimensional, isentropic flow of an 
ideal gas if m=m*: then Uy = ay. Pye 
T,= T*, and Mf = u,/a* = |]. Consequently, 


At = A*= critical flow area 
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It follows from par. A-6.3.2 that the mass 
flow rate for the converging-diverging passage is 
given by Eq. A-154, which is repeated here for 
convenience. Thus 


a PPA Se 
Jes 





y+1 


(2\eo (4 
y+ 1 A/A* 








The flow density G= m/A is accordingly 


p° M 


ee eee ¥t 
/ +RTO ‘ ( _ , | 2(y—-1) 
2 


G= (A-163) 


A-7.2 CRITICAL FLOW DENSITY (G*) 


When the flow Mach number Is unity 





G =G*= m*/A* (A-164) 
where 
vi | 
47-1) 
G*= . P° (-3)) (A-165) 
y+1 


+~RT° 


Eqs. A-163 and A-165 apply to the one- 
dimensional steady isentropic flow of an ideal 


as. 
& sai 


2 \20-0 
Table B-5 presents values of 
eae 





as a function of +. 


A-8 STEADY ONE-DIMENSIONAL STEADY 
ADIABATIC FLOW WITH WALL FRIC- 
TION 


Consider a steady one-dimensional adiabatic 
flow parallel to the x-direction, as illustrated in 


AMCP 706-285 


Fig. A-i4. The flow under consideration is | 


characterized by the following conditions: 
5Q = 5W = dm/m = dy/¥y = dm/ m= &D/A= 0, 


2\ /4dx 
but ds # Oand f/% | (=) «oa. 
ut ds# Oand #(5°) ($3) 


Accordingly the principal equations govern- 
ing the flow are as follows: 


(a) Continuity equation (See Eq. A-47) 


m = pAu = Au/v = constant 


G = m/A = pu 
u = Gv 
du = Gdyv + vdG 


where v = 1/p = the specific volume of the fluid 
(L*/M). 


Since the cross-sectional area Aof the flow 
passage, ulustrated in Fig. A-13, varies with the 
distance x, measured from reference Scation 1], it 
is apparent that 


G = f(x) # a constant 


Differentiating logarithmically the equation 
G = m/A one obtains a relationship between a 
change in the flow density dG and a relative 
change in the flow cross-sectional area dA/A. 
Thus 


‘ 
dG=-G (24 | (A-166) 


Eq. A-166 is a differential form of the 
continuity equation for the steady flow of a 
fluid through a one-dimensional flow passage 
having a variable cross-sectional! area. 


(b) Momentum equation 


Fig. A-14 iulustrates schematically an 
element dx of a one-dimensional adiabatic 
flow passage with wall friction. 
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Figure A-13. One-dimensional Passage With Adiabatic Flow 
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Figure A-14. One-dimensional Flow Passage Passing an Adiabatic Flow 
iu: the Presence of Wall Friction 


A-50 


Bre emosen,. 
> io” oF ye Ay: Eee any + Pre 7 








GEE FP rer ee ey een rere ye eer ees pe legitoer, 


@> 


From par. A-4.2.3, Eo. A-75, since 
§D/A =0 


dP. du* , ¢/ui\(4dx\ — 4 (A-167) 
p Z Z D 


It is desirable that u?/2 in Eq. A-167 be 
expressed in terms of G, dA/A, and v. The 
desired relationship is obtained by substituting 
for dG from Eq. A-166 into expression for du 
(see continuity equation). Thus 


eu Glo a) (A-168) 


From Eq. A-168 and u = Gv (see continuity 
equation), one obtains 


du? dA 
du = —= vG? dv-v— 
wdgu 7 ‘ ‘) 


Combining the expressions for u = Gv and 
the last equation, and dividing through by 
v2 =1/p?, yields the following momentum 
equation: 


dP G? dv _ dA + f G? (s*)=. 
Vv Vv A 2 D (A-169) 


Eq. A-169 is the momentum equation (also 
called the dynamic equation) for the steady 
One-dimensional flow of a compressible fluid in 
a duct of arbitrary shape. It is subject only to 
the following restrictions: 


5W = D/A =dm/m = dy/y = dm/m = 0 


where D denotes the drag of bodies submerged 
in the flow. 


\ 
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To integrate Eq. A-169 the relationships 
between P, v = 1/p, A, G, and f are needed. 


(c) Energy equation 


The flow under consideration is isoener- 
getic. Hence, the energy equation is 


432 
dh? =dh+ —#=0 
2 
A-8.1 ADIABATIC FLOW WITH WALL FRIC- 
TION IN A COMSTANT AREA DUCT 
For a constant area duct one may write 
dA = dG=0 


Hence, for constant area duct the momen- 
tum equation (Eq. A-167) reduces to 


dP CG? E + f (‘s) = 0 (A-170) 
Vv Vv 2\D 


The integrated form of Eq. A-170, between 
Stations | and 2, is accordingly 


L = - 
(*) = 0 (A171) 


2 


f le G? n (3) 
v Vv, 


bh [ =o 


where 


L -f dx = X, —X, = length of duct 
l 


2 


f= i} fdx = mean value of f fora duct of 
' length L (A-172) 


A-5] 
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To complete the integration of Eq. A-170 
the relationship between P and v= 1/p must be 
determinable. 


A-8.1.1 FRICTION COEFFICIENT (f) 


The friction coefficient f is defined by Eq. 
A-77. Thus 





Da ee Fanning friction coefficient 
q Loy 
2 


f= 


If dPg denotes the pressure drop due to 
friction for a duct length dx, then 


dP, =f pu" 4dx =2#q2 ¥ ss 
, (5 \e) 24G? F dx (A-173) 


Dimensional analysis indicates that for a 
steady compressible flow in a constant area 
duct, the friction coefficient f is a function of 
the Reynolds number R,, the Mach number M, 
and the roughness ratio e/D for the duct. Thus 


f = F(R,, M, €/P) (A-1 74) 


Experiments conducted with subsonic tlows, 
in the regime of well-developed turbulence, 
indicate that it may be assumed that 


f fincomp = r (Ro, e/D) (A-| 75) 


comp — 


con und fincoinp ure the neuen 
coefficients for the susne duct for compressible 


and incompressible flow, respectively. 


where f 


Several equations have been suggested for 
relating f, Rg, und e/D for incompressible flow, 
and the pertinent data for incompressible flow 
have been correlated by L. F. Moody?’?®. 
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Experiments conducted with air in super- 
sonic flow in a pipe, indicate that feomp 
depends on L/D as wellas Rg. The experiments 
were conducted over the Mach number range M 
= 0.27 to M = 3.87, and for Reynolds numbers 
ranging from Rg =1 x 10° to 8.7x10* . From the 
experiments, the investigators concluded the 
following?! : 

(a) For L/D< S50, fcomp = 
equal values of R,; and 


f for 


incomp’ 


(b) For L/D > SO, it is difficult to maintain 
supersonic flow, and the value of the 
Mach number limits the range of values 
for L/D. 


Other experiments with the flow of air 
indicate that if the flow is supersonic, the 
friction coefficient for a compressible flow is 
smaller than it is for an incompressible flow. 


A-8.1.2 FRICTION COEFFICIENT FOR CCM- 
PRESSIBLE AND INCOMPRESSIBLE 
FLOWS 


The friction coefficient for compressible 
flow is incompletely understood; this is due in 
part because its accurate measurement for a 
supersonic flow is difficult. Furthermore, the 
current theories regarding the friction coeffi- 
cient involve assumptions which do_ not 
represent the actual physics of the situation, In 
addition, the magnitude of f is not constant for 
a given duct but varies from station to station. 
Consequently, one cannot deal with local values 
but with an apparent average value. 


For estimating purposes one may assume as 
follows: 


(a) Subsonic Compressible Flow 


For cqual values. of 


foomp = fincomp 


R 
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(b) Supersonic Compressible Flow 


For equal values of R 


e 9 
fcomp = i fincomp 


A-8.2 FANNO LINE EQUATION FOR 


STEADY ADIABATIC FLOW IN A 
CONSTANT AREA DUCT 


The integrated form of the energy equation 
for the adiabatic flow of a compressible fluid in 


a constant area duct is given by Eq. A-68. Thus 


2 
h? =h+ 2 = constant 
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Introducing the flow density (G = m/A = pu) 
into the last expression and eliminating the 
velocity term u? yields 


ho =h+ 5 (G/p)? = constant (A-176) 


Fig. A-15 illustrates diagrammatically the 
physical model under consideration. Applying 
Eq. A-176 to Stations | and 2 of the constant 
area duct, one obtains 


l o 
h, + 5 (Gv,)? =h, + 5 (Gv, = constant 
(A-177) 
where v = 1/p = specific volume of fluid (M/L’). 








SSE EE = Control surface 





ut du 


h+dh 
P + dP 
p+dp 


Figure A-15. Adiabatic Flow in a Constant Area Duct in the Presence 
of Wall Friction (Fanno Flow) 
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Eq. A-177 is known as the Fanno Line 
Equation. It relates the local values of the 
specific static enthalpy h and the density or 
specific volume (v = 1/p) of a flowing compres- 
sible fluid, for different specified initial values of 
the density of the fluid, when the fluid flows 
adiabatically in a constant area duct. 


Eq. A-177 gives no information concerning 
the law of friction prevailing between any two 








SPECIFIC ENTHALPY h 





consecutive thermodynamic states for the 
flowing compressible fluid. Fig.A-16 illustrates 
schematically the general characteristics of a 
Fanno line plotted in the hs-plane for a given 
value of the flow density G = m/A. Each value 
of G gives rise to a different Fanno line, as 
illustrated in Fig. A-17. 


A Fanno line is the locus of the thermody- 
namic states for an _ adiabatic flow 


G= CONSTANT 


P INCREASING 


oN 


M<| 


FANNO LINE 


x 
ee? 


STATE OF 
MAXIMUM 
ENTROPY 


usa*, pep* 
T=T* sa5* 


ENTROPY s 


Figure A-16. A Fanno Line Plotted in the hs-plane 
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4 
; = SPECIFIC ENTROPY s 
‘ 
, Figure A-17. Two Fanno Lines Plotted in the hs-plane | 
| 
| (h° =constant) at a constant value of flow (c) Ordinarily, the initial values of h, v, and | 
{ density G, for a compressible fluid flowing in a G are specified. 
constant area duct in the presence of wall 
fnction alone. The characteristics of such a flow 
are listed below: (d) If the initial values of h, v, and s are | 
maintained constant, all Fanno lines will ) 
intersect at the initial values of h, v, and 
(a) The stagnation enthalpy h®? remains S. , 
., constant. | 
| oS 3 
| (b) Each value of G = m/A — for the same (e) A Fanno line gives no information on 2 
f initial values of h, v (or p), and s — is the length of the constant area duct for ) 
| : represented by a separate Fanno line accomplishing a change from one ther- . 
| ; (see Fig. A-17). modynamic state to another. : 
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(f) The length of constant arca duct 
required to accomplish a specified 
change in the thermodynamic state of 
the fluid depends upon 


(i) the friction coefficient f, and 


(ii) the entropy gradient for the duct 
ds/dx. 


(g) The path a compressible fluid follows 
along a Fanno line must always be in the 
direction of increasing entropy, so that 
the second law of thermodynamics will 
be satisfied. 


(h) The lower branch of a Fanno line, that 
lying to the left of the state correspond- 
ing to Ss = Say (see Fig. A-16), cannot 
be reached by a continuous process 
starting from the upper branch. The 
lower branch represents the locus of the 
thermodynamic states for the flowing 
comipressible fluid starting at values of h, 
s, and P which are smaller than those 


corresponding to s = Smax: ouch a 
process is a supersonic flow compression 
(diffusion). 


(i) It is seen from Fig. A-17 that for each 
value of the flow density G there is a 
limiting value of velocity that can be 
attained by the flowing fluid. The 
limiting value Occurs whens =s,., =s*. 
From the preceding one may conclude the 

following for the steady adiabatic flow of a 

compressible medium in a constant area duct in 

the presence of wall friction alone: 


(a) If the flow is subsonic (M < 1) then 


(i) u and M increase in the direction of 
flow, and 


(i1) simultaneously h and P decrease. 


A-56 


--—e — -es+- = ~—a= 


(b) If the flow is supersonic (M > 1), then 


(c) 


‘i) u and M decrease in the direction of 
flow, and 


(ii) simultaneously h and P increase. 


It is apparent from Fig. A-16 that a 
subsonic adiabatic flow cannot be 
transformed into a supersonic flow. It 
can only approach a sonic flow (M = 1) 
as a limit. 


(d) A supersonic adiabatic flow cannot be 


transformed by a continuous process 
into a subsonic flow; it can only be 
reduced to a sonic flow (M = 1), as a 
lumit. For a supersonic flow to be 
transformed into a subsonic flow some 
form of discontinuity in the flow, such 
as acompression shock, must occur. 


(e) There is a definite length of the duct, 


(f) 


(g) 


denoted by L*, that causes the flow 
Mach number to become unity. When M 
= J, the flow is said to be choked. 


Reducing the static pressure of the 
surroundings, denoted by P,, into which 
the flow from the duct is discharged to a 
value P, <P* has no effect upon the 
fluid flowing inside the duct when 
Uexit 
bance cannot be propagated into the 
core of the flow. 


When Poy j,=P*, the expansion of the 
fluid from P™* to P, takes place beyond 
the exit section of the duct. 


(h) Because the entropy of the fluid 


increases in the direction of flow, due to 
the wall friction, the stagnation pressure 
P© decreases in the direction of flow. 


=u*= a*: a small pressure distur- -- 
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A-8.3 FANNO LINE EQUATION FOR THE 
FLOW OF AN IDEAL GAS IN A 
CONSTANT AREA DUCT 


If the flowing fluid may be assumed to be an 
ideal gas, the analysis of the flow of a 
compressible medium in a constant area duct is 
greatly simplified; for brevity such a flow will be 
termed a Fanno flow. The basic equations fora 
Fanno flow are presented below. 


(a) Continuity equation (see par, A-4.1) 


rl ° 
G=m/A=pu=PM / 1 = 
m/ pu constant 


(b) Momentum equation (see par. A-4.2) 
dP _ o|1+(y— 1)M?| /,, dx 
pM 41 — M?) |(«33) 


(c) Energy equation (see par. A-4.3) 


O = du* _ 
c,dT cyT + 5 0 


(d) Equation of state (see par. A-2.1) 


P= pRT 

or 

at _ dp , at 
P p T 


du_—s eT 


a= GER _ee—— en» ane = ) ———_ 


M2 ou’ T u T 
(f) Impulse function (see par. A-3.2.1) For 
an ideal gas the impulse function F is 


defined by 


F= PA(1 + YM?) 


. Te tha a “s | Se ae 
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Differentiating the preceding impulse function 
equation logarithmically and noting that dA/A = 
O for a constant area duct, one obtains 


dF _ dP + M? dM? 
FP 1+yM?j MM 


The list seven equations form a system of 
linear equations relating the dependent variables 
dM? /M?, du/u, dP/P, dT/T, dp/p, etc., to the 
flow Mach number M, and the frictions 
parameter 4fdx/D. 





A-8.3.1 FRICTION PARAMETER FOR A 
FANNO FLOW 


For the adiabatic flow of an ideal gas ina 
constant area duct, the friction parameter @¢ is 
defined by 


dx 
= 4f = 
Ps D 


(A-1 78) 

For the assumed flow conditions (dA/A = 
dT° /T° = 8D/A = 0), the following equation 
relates the friction parameter ¢¢ and the flow 
Mach number M (Reference 1, p. 223): 


_ 1 — M? dM? 


dx 
bs = 4f — = ——— 
SPE § 
| 2 (A-179) 


where, as before, D is the hydraulic diameter of 
the constant area duct. 


A-8.3.2 CRITICAL DUCT LENGTH FOR A 
FANNO FLOW 


It is convenient for calculation purposes, in 
integrating Eq. A-179, to select as one of the 
limits of integration that length of the constant 
area duct which causes the flow Mach number to 


attain the value M = i i.e., u = a*. That 
perticular length of duct is termed either the 
A-57 
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critical or the limiting duct length, and is 
denoted by L*. 


Let f denote the mean value of the friction 
coefficient for the length of duct Ax = L*¥* — L; 
x = L; where M = M, and x = L* where M = 1. 
Integrating Eq. A-172 between the indicated 
limits 


1 — M? dM? 


i (tat 





one obtains? 





2 (x2! M2 
s _ | 
afl’ = po TO in _\_2 
2 
(A-180Q) 
} 2 


47 = =( 4f7 


A-8.3.3 DUCT LENGTH AND MACH NUM- 
BER CHANGE FOR FANNO FLOW 


Let it be supposed that it is desired to 
determine the length duct required for accom- 
plishing a change in flow Mach number from M, 
to M,. Fig. A-18 illustrates the physical 
situation. 


It is seen from Fig. A-18, that 


4fy - = ( ) = (41, ) (A-181) 
M M 


1 2 


In Eq. A-181 the subscripts M, and M,, refer 


to the Mach number for which the friction 


parameters are evaluated. 





ae i, 487 


Figure A-18. Determination of the Duct Length Required for Accomplishing 
a Specified Change in the Flow Mach Number, for a Fanno Flow 


tSee B. O. Pierce, A Short Table of Integrals, Ginn & Co., p. 11, 
Nos. 78 and 80. 
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If the flow fluid is an ideal yas, one obtains 





ae. ln ——F Fa. 
ee 
‘ (A-1 82) 


Fg. A-182 can be employed for calculating 
directly the value of L required for changing the 
flow Mach number from M, to M, for the 
Fanno flow of an ideal gas. 





A-8.3.4 ENTROPY INCREASE DUE TO 
WALL FRICTION FOR THE FANNO 


aa FLOW OF AN IDEAL GAS 


It is readily shown that the increase in the 
entropy of an ideal gas flowing adiabatically ina 
constant area duct, in the presence of wall 
friction alone, is related to the flow Mach 
number by the following equations! : 


== «(8)(4) 


SS le eae (A-183) 
(> *)se 


Integrating Eq. A-183 between the limits M 
=M,s=s, and M= 1, s=s*, one obtains! 


1 


1+ (254 M? 
2 


s¥ — 5 I 
(y +1)/2 


=in 1 (A-184) 
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The entropy change and the stagnation 
pressure for a thermally perfect gas are related 
by the following equation! : 


(A-1 85) 


Integrating the last equation between s, P, 
and s*, P*, — where P* denotes the magnitude 
of the total pressure where M = 1 — one obtains 


s* —s 


eo (e) 


Hence, for an ideal gas (see Eq. A-177) 


(A-1 86) 





y+1 
2(y—-1) 
1 (21) M2 


(A-1 87) 
M (y +1)/2 


ae 


The relative change in total pressure is given 
by! 


dP_ = oyM? fdx\_ 
Pp = == «(f3) = —ae (A-1 88) 


2 


A-8.3.5 ENTROPY GRADIENT FOR THE 
FANNO FLOW OF AN IDEAL GAS 


From Eq. A-179 the entropy gradient ds/dx 
is given by a 


= 2 
= - <n ~ (A-189) 
1+( 254 xe | . 


= |G 


If the entropy gradient ds/dx is plotted asa 
function of M, it is seen that ds/dx =Qwhen M 
= 1. Hence, at the station in the constant area 
duct where M = 1 the entropy of the flowing 
ideal gas is a maximum. 
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A-8.3.6 GRADIENT OF THE FLOW MACH 
NUMBER FOR ADIABATIC FLOW 
OF AN IDEAL GAS IN A CONSTANT 
AREA DUCT 


From Eq. A-175 the equation which follows 
is obtained for gradient of M with respect to the 
duct length. Thus dM/dx is given by 





y-1 2 

r 
came [CEI 
ua DO] Mm] AO) 


From an examination of Eq. A-190 one 
obtains the following conclusions regarding the 
steady adiaoatic flow of an ideal gas in a 
constant area duct in the presence of wall 
friction: 


(a) If the flow is initially subsonic (M <1), 
the cffect of the wall friction is to 
increase the Mach numbcr in the 
direction of fiow. 


(b) If the flow is initially supersonic 
(M > 1), the effect of wall friction is to 
decrease the Mach number in the 
direction of flow. 


(c 


ow 


Regardless of whether the initial flow is 
either subsonic or supersonic at a given 
cross-section of the constant area duct, 
the flow Mach number approaches the 
value M = 1 asa Jimmiting value. When the 
flow Mach number attains the value M = 
], the flow is said to be a choked flow. It 
will be seen in par. A-8.2 that the 
condition M = 1 corresponds to the 
thermodynamic state where the specific 
entropy of the fluid is-a maximum. 


The conclusions presented above apply to 
the flow changes betwecn sections of a constant 
area duct due to the presence of wall friction. 
They do not apply to modifications in the flow 


A-60 
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of a compressible fluid that are caused by 
introducing friction into a flow which is initially 
isentropic. 


A-8.4 RELATIONSHIPS BETWEEN DEPEN- 
DENY FLOW VARIABLES AND FRIC- 
TION PARAMETER FOR ADIABATIC 
FLOW OF AN IDEAL GAS IN A 
CONSTANT AREA DUCT 


It can be shown that the dependent flow 
variables GM? /M?, du/u, dT/T, dp/p, dP/P, etc., 


_are funciions of M and the friction parameter 


¢¢ = 4fdx/D, as indicated in Table A-II. 


From the equations listed in Table A-iI, it is 
evident that when an ideal gas flows adiabati- 
cally in a constant area duct tne following 
conditions obtain: 


(a) PO decreases, F decreases, and s 
increases 


(b) The equations for dM?/M? du/u, dT/T, 
do/p, and dP/P all contain the expression 
(1 ~ M2 ) in the denominator. 


Accordingly, the directions of the changes 
for the variables listed under (b) above, are 
determined by whether the flow is either 
subsonic or supersonic. A continuous transition 
of the flow from either M< 1toM> 1 or from 
M>1toM<1 is impossible. 


For given initial conditions, the maximum 
possible length for a constant area duct that will 
neither cause the initial flow conditions to 
change nor introduce discontinuities in the flow 
is the duct length which will cause the Mach 
number in the exit section of the duct to attain 
the value M = 1 as a limiting value. It will be 
seen later that the condition M = 1 corresponds 
to the thermodynamic state for the gas where its 
specific entropy has its maximum value. 
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TABLE A-I 


RELATIONSHIPS BETWEEN DEPENDENT 
FLOW VARIABLES AND THE 
FRICTION PARAMETER 


<p (¢¢ = 4fdx/D = Friction Parameter) 


eel Ce 
dM? /M? = : 


gee $e (A-191) 
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Table A-III presents the manner in which the 
flow variables change for initially subsonic 
(M < 1) and supersonic (M > 1) flows. 


TABLE A-II 


CHANGES IN THE FLOW VARIABLE 
WITH INCREASE IN FLOW 
MACH NUMBER 


(Adiabatic flow in a constant area duct) 


INITIAL FLOW 
VARIABLE 





1 
2. Loe <—wo a ht Nig 
uw’ Yi o | == 


 &1-M?) 





bs (A-192) mei 


Decreases 


- ~7(y-1)M* (A-193) 
-~ aT/T= My) 


rj 


Decreases 


Decreases 


A 

Vv 
i - 
o) 


Decreases 
=. 4M? 


a ake Decreases 
2(1 — M?) 


ae dp/p = PE 3 (A-194) 


Increases 


a 
v 
cz 


Increases 


Increases 


| > 


_ — M? (1 +(y —1)M?] 
dP/P = — be 


(A-195) 
T° Remains 
Constant 


SUBSONIC 


SUPERSONIC 


(M > 1) 


Increases 
Increases 
Increases 
Decreases 
Decreases 
Decreases 
Decreases 
Increases 


Remains 
Constant 


2 
dP° /P° = — 7 0 


yM? 


rea 
ll 2(1 +-yM?) 


OF 


ds = yMs -_ dP° 
R 


2 f po 


Conditions: 


(A-196) 


(A-1977) 


(A-198) 


$Q= 5W=dA/A = dT° /T = dm/m = dy/y 


. =§D/A =0 


Flow Mach Number Always Tends to Unity 


A-8.5 EQUATIONS FOR COMPILING 
TABLES FOR CONDITIONS ALONG A 
FANNO LINE 


For calculation purposes it is convenient to 
employ the flow condition where M = 1 as a 
reference condition. At the reference flow 
condition L = L*¥, P = P*, T= T*, etc. Ratios — 
such as P/P*, T/T*, etc. — are readily computed 
as functions of M, for several values of y, from 
integral relations for P,/P,, T,/T,, etc., by 
setting M, = 1, dropping all subscripts, and 
replacing the subscript | with the asterisk (*) 
superscript. | 


A-6] 


De OD wean er © ee oe Cn. ewer em + ow. oes eet - 


o so mm —_ ow: — 
. ‘ 
” = 


smc Rn nat re ig eee Pv. | eur, theta Md) alts Slide dein, Jentmnia 


amt one... a Ae Oe we 


- — 2 ae? 


_f& to oe os os Oe ee em 8 weet le 


® es So eee 





; 
| 
| 


> ae 


—_ a 


an PBST. ns 


BA 2 od hale 


am iA 





hayes TOT Looe ot i rte teditad oe a 


AMCP 706-285 


To illustrate the procedure, consider the 
ratio T,/T,. For an isoenergetic fiow between 
Stations | and 2 (see par. A-5.2.2) 


2 YD yay 
-2 -(*). _ 1+ () 
Tr. T (+ (2 = *)M 

2 2 


(A-199) 





where d bey = Ir. 


Let T, = T,T, = T*, and M, = 1. Eq. A-199 
then transforms to 


y+1 
_ ee ae 


7-1 
1+ {—— }M’ 
By employing the procedure illustrated 


above, one obtains the relationships presented in 


Table A-IV for the conditions along a Fanno 
line. 





Wn 


(A-200) 


TABLE A-IV 


EQUATIONS FOR CONDITIONS 
ALONG A FANNO LINE 


(Adiabatic Flow of an Ideal Gas in a Constant 
Area Duct, A= A*, T° =T° *) 





T Hoi (A-200) 
: ~ 
: 2/1+ ( l) 42 
or 2 13 

re i (y+ ae (A-201) 

1+ 1 \e 

2 
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TABLE A-IV (Continued) 
t 
2 
y-1 2 
+ 
p_u*_ 1. 1 2 \ 
o* uM M{ sa | «A202 
2 
_¥t! 
2(7-1 
7-1 
1+ {—— }]M? 
oft (5 
sore iaay ae A-203 
pos M y+1 ( ) 
2 
2 
PB i (A-204) 


M/ 2 (7 +1) f in 2," 5 *) 


) 








Values of the ratios listed in Table A-IV, as a 
function of the Mach number M, are presented 


in Table A-2, for ideal gases having different 
values of +. 


To obtain the ratio of two properties — such 
as T,/T, , for example — where the correspond- 
ing Mach numbers are M, and M., the following 
relationship is employed 


T, _ (T,/T*)M, 


= ee ae I (A-205) 
T (T/T*)M, 
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A-8.5.1 CHOKING DUE TO WALL FRICTION 
FOR A FANNO LINE IN A CON- 
STANT AREA DUCT 


Consider a constant area duct through which 
an ideal gas flows adiabatically. Assume that the 
parameter 4fL/D remains sensibly constant 
between Stations 1 and 2 of the duct. One may, 
therefore, write 


* 
aft = (se) _ (« -) (A-206) 
D D D 
M, M, 


For each value of M, there will be a 
corresponding value of M,. and Eq. A-180 can 
be employed for developing a curve of 
M, = 4(M, ), for different values of 4fL/D. There 
is a limiting case where 4fL/D = Q, which 
corresponds to the trivial solution M = M,. 


It should be realized, however, that a 
compression shock can occur in a duct of 
vanishingly short length. It will be shown later 
that a compression shock can occur in a flow 
with T° =constant, and A=constant. Hence, 
the nontrivial solution for the case where 4fL/D 
= Q corresponds to the formation of a 
compression shock. 


A-8.5.2 SUBSONIC OR SUPERSONIC FLOW 
IN A DUCT 


When there are no shock waves in the flow, 
the relative magnitudes of M, and M,, for a 
fixed length. of duct, dapend upon whether M , 
is subsonic or supersonic. 

Fanno flow for the following two character- 
istics — for the friction parameter 4fL/D — are 
of particular interest. 


(a) 4fL/D has a constant value 


(i) Subsonic flow (M, <1) 


>) 
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There is a minimum value for M, for which 
a solution is possible. 


(b) 4fL/D has increasing values 


(1) Subsonic flow (M, <1) 


M, decreases until steady static operation 1S 
attained with M, = 1 at the exit cross-section of 
the constant area duct. Further increase in 
4fL/D causes a decrease in the flow rate; the 
flow is said to be choked by friction 


(ii) Supersonic flow (M, > 1) 


Increasing 4fL/D beyond its critical value 
4fL*/D, first causes a shock wave to form in the 
duct and the shock wave travels upstream. After 
the shock wave reaches the inlet cross-section of 
the duct, a further increase in the length of the 
duct causes the shock wave to move into the 
system supplying the compressible fluid to the 
duct. As a consequence thereof, the Mach 
number of the fluid entering the duct, i.e., 
M,, becomes subsonic. 


EXAMPLE A-4. 


Compute L/D as a function of the initial Mach 
number M, for air (y = 1.40), to cause choking 
in asmooth constant areaduct. Assume air is an 
ideal gas, and that the average value of the fric- 
tion coefficient is f = 0.0025. 


SOLUTION. 


From Table A-2, for M , =0.2, 
4fL*/D = 14.553. 


14.55 
Hence L/D = —__—"=__ = ] 
4(0.0025) _— 
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In a similar manner one obtains the results 


presented below 


M, 4fL*/D L/D = P°/pO* Po*/po 
0 06 20 oo 0 

0.2 14.53 1,453 2.96 0.338 
0.4 2.31 231 1.59 0.629 
0.6 0.491 49.1 1.19 0.840 
0.8 0.072 12 1.038 0.963 
1.0 O 0 1.00 1.000 


1S = 0.136 13.6 1.176 0.850 
2.0 0.305 30.5 1.688 0.592 
4.0 0.633 63.3. 10.72 0.924 


- 10.0 0.787 78.7 535.9 0.0018 


co =. 821 82.1 oo 0 





The results tabulated in Example A-4 show 


-, that for a purely supersonic flow (M > 1) the 
+ maximum value of L/D is limited by choking to 
“L/D = 82.1, irrespective of the value of M, 


(based on y= 1.40 and f = 0.0025). 


A-9 ONE-DIMENSIONAL STEADY FRIC- 
TIONLESS FLOW WITH HEAT ADDI- 
TION (SIMPLE DIABATIC OR RAY- 
LEIGH FLOW) 


Consider the steady one aimensional flow of 
a compressible medium subject to the following 
conditions: 


dA/A = 5W = SF, = dm/m= 0, and 5Q #0 


A flow which is frictionless and is 
accompanied by the addition of heat to the 
flowing fluid is termed a diabatic flow. A simple 
diabatic flow, such as that conducted under the 
conditions presented above, will be called 
Rayleigh flow. 
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All practical diabatic flows involve friction. 
Furthermore, if the heat added to the flowing 
fluid is due to the chemical reaction of the fluid 
and a fuel — the latter being injected into the 
flowing fluid as in the combustion chamber of 
an air-breathing jet engine (see par, 1-5.1)— 
there are changes: in the mass rate of flow of the 
fluid flowing through the duct, in its mean 
molecular weight m, mean specific heat ratio y, 
and in its mean density p. 


The Rayleigh flow may be regarded as a first 
approximation to the one-dimensional diabatic 
flow of a compressible fluid. In analyzing a 
Rayleigh flow it is convenient to introduce the 
assumptions presented below in addition to 
those listed above. These assumptions are 


(a) The rate at which heat is transferred to 
the flowing fluid at any section of the 
duct is constant, 1.e., it is monotonic. 


(b) There are no obstructions in the flow 
passage (6D/A = 0). 


(c) The molecular weight of the flowing 
fluid m, its specific heat ratio y, and its 
chemical composition are constant for 
the entire length of the constant area 
duct. 


In view of the assumptions for a Rayleigh 
flow, the changes in the stagnation enthalpy h® 
of the flowing fluid are due entirely to heat 
transfer. Consequently, the analytical results 
obtained from studying a Rayleigh flow are 
limited to the following: 


(a) Those diabatic flows where the influence 
of heat transfer overwhelms the effects 
of friction, and 


(b) where the heat transfer is confined to 
such a short length of duct that the 
effect of friction may be ignored. 
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In the limit, case (b) above corresponds to a 
compressible flow which experiences an abrupt 
change in its thermodynamic properties, at some 
section of the flow passage, such as a 
detonation. 


A-9.1 PRINCIPAL EQUATIONS FOR A RAY- 
LEIGH FLOW 


Fig. A-19 illustrates schematically the 
physical situation for a Rayleigh flow. The 
principal equations governing such a flow are 
presented below. 


(a) Continuity equation (see par A-4.1). 
Since dA = dG = 0 one obtains 


u=G/p or G=pu 


where G=m/A 


(b) Momentum or dynamic equation (see 
par. A-4.2). Since there is no friction and 
there are no obstructions in the flow, 


one obtains 
dP du’ _ 
a i 
| 
ee 
G 'ou apiiiamaae 
4} eee, eee 
hy 
u, 8Q*0 
A 
T, 
P | 
0 Oo 
(T ¥T,) 
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(c) Energy equation (see par. A-8). Since 
SW = dm = 0 the energy equation is 


A functional relationship between P, G, and 
p is obtained by combining the continuity and 
energy equations. The result is 


P. + Gu, = P, + Gu, = constant 


(A-207) 


It was shown in par. A-3.2.2 that the 
Rayleigh line equation is given by Eq. A-58, 
which is repeated here for convenience. Thus 


= P + Gu= constant 


> |) 


and by definition the impulse function F’ is 
given by 


F=PA+mu=P+Gu 


S(CONTROL SURFACE) 
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Figure A-19. Frictionless Flow in a Constant Area Duct With Heat Addition (Rayleigh Flow) 
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By combining the continuity and energy A-9.2 THE RAYLEIGH LINE 
equations one obtains! 
Since G is a constant, Eq. A-208 is the 
P,-—P.= G? fa _ 1) = G? (v, —v,) (A208) equation of a straight line drawn in the Pv-plane, 
P, Py and that line is the locus of the thermodynamic 
states for the fluid for a constant value of the 
where v = 1/p = the specific volume of the fluid. _ flow density G, as illustrated in Fig. A-20. 
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Direction of increasing A 
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Figure A-20. Rayleigh Line Plotted in the Py-plane 
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A curve which is the locus of the 
thermodynamic states of a fluid, for a Rayleigh 
flow, is called a Rayleigh line. Fig. A-20 
illustrates schematically a Rayleigh line for 
G=C, = constant, plotted in the Py-plane. It is 
seen that the Rayleigh line has a negative slope 


oP 
tan a = — | — =G? = (2? 
() 1 
G 


Each value of flow density G gives rise to an 
individual Rayleigh line, and the larger the value 
of G the steeper the Rayleigh line. Lines of 
constant enthalpy or h-lines are also illustrated 
diagrammatically in Fig. A-20, and the following 
conclusions can be drawn from that figure: 


(A-209) 


(a) Increasing the static specific enthalpy of 
the fluid — e.g., from h, to h, — causes 
both its static pressure and density p to 
decrease. 


(b) Decreasing the static specific enthalpy 
from h, to h, <h, - eg., by cooling the 
fluid — causes both its static pressure 
and density to increase. 


A-9.3 CONDITION FOR MAXIMUM EN- 
THALPY ON A RAYLEIGH LINE 


Fig. A-21 illustrates diagrainmatically two 
h-lines tor a fluid plotted in the Pv-plane. It Is 
seen that the h-lines become increasingly curved 
(concave upward) for large values of v= 1/p,1.e., 
for small values of P. Consequently, if a 
Rayleigh line is extended to larger and larger 
values of v = 1/p it will eventually become 
tangent to an /i-line; thereafter, the Rayleigh line 
will intersect A-dines having smaller values of 
static specific enthalpy h. Hence, the h-line 
tangent to the Rayleigh line corresponds to the 
maximum static specific enthalpy for uny state 
on the Rayleigh line. 


») 
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When the flowing fluid is in the state where 
its static specific enthalpy is a maximum, any 
further addition of heat to the fluid does not 
increase its static specific enthalpy but is 
converted into an increase in the kinetic energy 
of the fluid. Moreover, if the back pressure 
acting on the fluid is reduced, a part of the static 
enthalpy of the fluid is converted into Kinetic 
energy thereby decreasing its static specific 
enthalpy h, t.e., the increase in the kinetic 
energy of the fluid is obtained from the energy 
Stored in the fluid. As a result, the static specific 
enthalpy of the fluid decreuses and its state 
point moves in the direction of larger values of 
specific volume v. From Fig. A-21 it is evident 
that the state point moves to the condition 
where the entropy of the fluid is a maximum is 
attained, i.e., the point where the Rayleigh line 
is tangent to an isentrope inthe Pv-planc. 


A-9.4 STATE OF MAXIMUM ENTROPY ONA 
RAYLEIGH LINE 


The entropy of the fluid is a maximum ata 
larger value of specific volume than the one 
corresponding to the maximum enthalpy State. 
At the maximum entropy state, the velocity of 
the fluid 1s equal to the local acoustic speed. 
Thus 

= = 4% = = 

u=u* =a™ (when s=s,4, = 8*) 

Fig. A-22 illustrates schematically a Rayleigh 
line plotted in the hs-plane. 


Since the velocity of the fluid u=a* when 
s=s* for a given set of initial conditions 
(hu, .p, ). a Steady Rayleigh flow can support a 
continuous thermodynamic process only until 
the static specific entropy of the fluid attains 
the state s=s*. When that state is reached the 
flow is said to encounter thermal choking. 
Adding heat to the fluid, thereafter, cannot 
cause it to attuin states which are to the right of 
s=s*, but causes the upstream conditions to 
change. 
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P Direction of increasing h P - Static Pressure 
_ * v - Specific Volume 
—te- Linas of constant h 7 
(n< lines) h -Specific Enthalpy 
s - Specific Entropy 
Meeting State where h 
Cooling is ao maximum 





Ne 


Vv 
(A) CONDITION FOR MAXIMUM CHANGE IN ENTHALPY 








Direction of increasing $S 





=» Lines of constant $ 
(S$ -lines ) 


Limiting state where 
entropy ise a maximum 
and Ms! 


(8B) CONDITION FOR MAXIMUM ENTROPY 


Figure A-21. Conditions for Maximum Enthalpy and for Maximum Entropy 
for a Rayleigh Line in the Pv-plane 


Fig. A-22 indicates that a Rayleigh line 
plotted in the hs- (or Ts-) plane has two 
branches; an upper one and a lower one. The 
two branches, as in the case of the Fanno line, 
correspond to different physical situations. The 
upper branch of the Rayleigh line is the locus of 
the thermodynamic states which can be attained 
by a subsonic tlow (M<1) by /reating the fluid 
when its initial state is at a smaller entropy than 


s*, the thermal choking state, e.g., stute 1 in Fig. 
A-22, 
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The lower branch of t..2 Rayleigh line is the 
locus of the thermodynamic states which are 
attainable by heating a supersonic flaw (M > 1) 
from an initial state, such as state 2, that isata 
Smaller entropy thans= s*, 


The foregoing shows that eating a compres- 
sible fluid flowing in a frictionless constant area 
duct accelerates the fluid toM=1, as a limit, if 
the initial flow is subsonic, and decelerates it to 
M=1, as a limit, if the initial flow is supersonic. 
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Dmax ; ) STATE (dh/ds*0) 
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a COOLS | \ MAXIMUM ENTHALPY 
7d STATE (dhk/ds* o*) 
= u=c* Mel 
= 
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Oo 
u. | 
‘%, 
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a. 
~ 2 od 
RAYLEIGH LINE 
SPECIFIC ENTROPY s s 
Figure A-22. Rayleigh Line Plotted in the hs- (or Ts-) plane 
It can be shown that! (c) Slope of an isentrope (s-line) 
(a) Slope of a Rayleigh line (in Py-plane) 
oP dP 
tan @ = — =p? {—] =p’7a* (A-212 
tan a = ( ) = G* = p*u? = yPpM? (A-210) ai, () a | 
G 
At the state where the h-line is tangent to the 
(b) Slope ofan h-line (isothermal) Rayleigh line, tan a= tan 6 
_ foP\ - : : tana _ |. p?u’ _ yoPM?_ ,, 
tan 6 (2), pKy pP (A-21 1) pas oP OP yM (A-213) 
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: is At the state where tan a = tan @ the Rayleigh reduces the amount of static enthalpy 
; line is tangent to ani s-line, so that which can be added to the flowing gas. 
tana _ |. p* u’ “aie (A214) (f) —s the flowing gas in the supersonic ai 
tan @ p2a OW range causes the Mach number to 
decrease and the static pressure to ee 
increase. The flow becomes thermally 
[ It follows from Eq. A-213 that at the choked when M=1 if the initial condi- 
4 maxunum enthalpy state the flow Mach number tions are not altered. 
3 is given by 
: A-9.5 RAYLEIGH LINE EQUATIONS FOR 
’ AN IDEAL GAS 
' M = 1/ see (A-21 5) 
{ It was shown in par. A-3.2.2 that for a 
) i | Rayleigh flow the impulse function per unit area 
} In summary, it is seen that for the Rayleigh (F/A) is a constant. Hence, for an ideal gas! 
: flow of an ideal gas the following conditions are 
aa obtained 
F = P(1 +-yM?) = constant 
(a) If the initial flow is subsonic, heating the A 
: gas results in an increase in the Mach 
? number and a decrease in the static Hence, if subscripts 1 and 2 refer to two 
— pressure of the gas. The drop in the Stations of a frictionless constant area duct , 
Static pressure is due to the rate of wherein there flows an ideal gas under diabatic 
> change in the momentum of the fluid, conditions, then 
i? f and is called the momentum pressure 
— loss. : 
: : ain (A-216) 
a { (b) Heating the gas in the subsonic flow P, 1 + YM? 
range causes its temperature to increase 
—— until a maximum value of T is reached — . 
.G 3 when M = 1/./7. From the continuity equation for the flow 
| | of an ideal gas, Eg. A-72, one obtains , 
: ! ' (c) Heating the gas in the subsonic flow 4 
| | 3 range will cause the flow to become ! 
| thermally choked, when M=1, unless the T PM\2 M /1+7M?2 
| : initial conditions are altered. = (Fir) = _* ( , ) (A-217) 
7 | Ts PM, M* \ 1 +yM; 


(d) Heating the gas in the subsonic flow 
range between the flow Mach numbers 
M=1/,/yandM=1 is accompanied by Also’ 
decrease in the static temperature and _ 
static pressure of the gas. 
0 u M2? /1+-yM? 
(e) Increasing the initial Mach nuinber of 2 ah a | pee (A-218) 
the gas, in the subsonic flow range, 71 u, M> ( | 
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If TP and T9 denote the stagnation tempera- 
tures at Stations 1 and 2, respectively, then 





2 y-— 1 2 
tM ee el + (4) 


1 
(A-219) 





The stagnation pressure ratio Fr /PO is given by 


M(y-1) 
PrP (TV 
po P, bt 


Y 
y—1 y=] 
— 1+ -yM? 1+") ™ 
1 + yM? . (A-220) 


1 


1+ 2" 


The entropy equation for an ideal gas is 


SS 


tl 
: Fa 1+ -yM* \7-3 
M, 1+ M2 


It is evident from Eq. A-219 that the flow 
Mach number of an ideal gas in a Rayleigh flow 
depends upon the initial Mach number M, and 
the ratio of the stagnation temperatures. It is 
also seen from Eq. A-220 that the stagnation 
pressure ratio P{/P depends upon the Mach 
number. 






=In (A-221) 


A-9.6 EQUATIONS FOR COMPILING 
TABLES OF FLOW PARAMETERS 
ALONG A RAYLEIGH LINE 


For calculation purposes it is desirable to 
relate the flow parameters to a reference state. 
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As was done for Fanno lines, the reference state 
for Rayleigh flow is that corresponding toM=1. 
Employing an asterisk superscript (*) to denote 
the condition where M=I, one obtains the 


- following equations! : 





a | 
ge, 2 [1 +221) 














(A-222) 
i | +-yM?)° 
| ne (oe eae 2 (A-223) 
T+ 1 + yM?2 
P ity 
Re pon (A-224) 
aL Y 
O -1 _ y-! 
oe =(— +t Vie (2 ) M? 
poe \y41) \1+>7M 2 
(A-225) 
p_u*_ 1 _ 1+-yM? | 
p* uo M* ~~ (y¥+1)M2 ens 


A-9.7 THE DEVELOPMENT OF A COMPRES 
SION SHOCK 


If a Fanno line and a Rayleigh line for the 
same value of the flow density G are plotted on 
the Ts-plane, they will intersect at two states, 
such as a and b illustrated in Fig. A-23. Because 
all of the states on the same Fanno line have the 
same stagnation temperature T?, and because 
F/A has the same value for all states on the same 
Rayleigh line, the states a and b have identical 
values of G, T°, and F/A. It can be shown that 
the flow through a normal compression shock 
wave Satisfies the continuity and_ energy 
equations for a Fanno line and also the 
momentum equation for a Rayleigh line. 
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Figure A-23. Development of a Compression Shock 


Consequently, a spontaneous change from state 
a to state b can be accomplished by a shock 
wave. Since state b is at a larger value of entropy 
than state a, a sponterous change from state a 
to state b does noi violate the second lay of 
therriodynamics. 


It is seen from Fig. “A-23 that the static 
pressure at state b is larger than that at state a. 


. Hence, the spontaneous change of state (a>b) is 


termed a compression Shock. In view of the 
second law, a change of state from b to a is 
impossible — i.e., a spontaneous change from a 
subsonic to a supersonic flow is impossible — 
only the reverse can occur. The abrupt 
compression of the gas by the compression 
shock increases the static pressure, temperature, 
and the entropy of the gas. Its velocity after 
flowing through the shock wave, however, is 
reduced to a subsonic value (M < 1). 


A-10 DISTURBANCES IN A COMPRESSIBLE 
FLUID 


A disturbance created in a fluid —e.g., bya 
body movmeg in the fluid — is communicated to 


A-12 


— ——_— —_-as . =, 


other regions of the fluid by wave motion. the 
latter is the motion of a disturbance relative to 
the fluid ix which it is propagating. The speed of 
the disturbance is called the wave speed. 


It was pointed out in par. A-2.6 that an 
infinitely small disturbance is propagated in a 
fluid with the local acoustic speed a. Large 
disturbances, however, such as explosions for 
example, are. propagated in a fluid with a vvave 
speed which depends upon the strength or 
intensity of the disturbance. 


A-10.1 PROPAGATION OF SMALL DIS- 
TURBANCES IN A COMPRESSIBLE 
FLUID 


An acoustic wave is propagated in a 
compressible medium with the wave speed a, the 
acoustic speed. Thus 


-( 
dp/, 


The propagation of an acous” > wave will now be 
employed for demonstratin:,  .litatively the 





differences in the basic phenomena associated 
with subsonic and supersonic flight speeds. 


Consider the motion of a spherical acoustic 
wave emanating from a point source O in a body 
of fluid at rest, as illustrated schematically in 
Fig. A-24, prior to the propagation of the 
disturbance in it. From the pvint source O, 
acoustic waves are propagated in all directions 
with the acoustic wave speed a. Each wave 
traverses the same distance r = aAt in equal time 
increments At. 


Now suppose that a body moves with the 
linear velocity u in an isothermal homogeneous 
fluid, as illustrated in Fig. A-25. Assume that the 
pressure disturbances created by the moving 
body are small enough to be treated as acoustic 
waves. As each point of the moving body 
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contacts undisturbed fluid, the point of contact 
becomes a source of disturbance from which 
acoustic waves ure propagated through the fluid 
with the acoustic speed a =./YRT = constant. 


Let the starting point for the subsequent 
discussion be the instant when point P on the 
body is at A, as indicated in Fig. A-25. In the 
time increment At, the pressure wave emanating 
from point P will have traversed the distance aAt 
from che starting point A. In the same time 
interval, however, the point P moves the 
distance AA‘’=uAt < aAt, because u<a for a 
subsonic speed. In a second time .aterval At, 
the point P moves to point A”’;i.e., the distance 
A’A” = uAt. In the same time interval At, the 
pressure wave moves the distance a’‘a’’ “= 
aAt > uAt. 


Figure A-24. Propagation of Sound Waves from a Point Source 
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Figure A-25. Pressure Waves Produced by a Body Moving With Subsonic 
Speed (Small Disturbances) 


Because a>u the wave front praduced by the 
moving body 1s always ahead of the body. 
Consequently, the body continually moves into 
fluid which has been disturbed by pressure 
waves that have been propagated in it. In other 
words, when a body moves with a subsonic 
speed (u<a) in a compressible fluid, the fluid 
ahead of the body may be said to be aware of 
the presence of the body because the latter 
propagates disturbance signals upstream of itself, 


i.e., the disturbances created by the body are 
said ‘‘to clear away”’ from it. 


Fig. A-26(A) illustrates diagrammatically the 
case where the body moves with a uniform 
A-74 


e 


supersonic speed u>a. In the time interval At, 
point P on the body will traverse the distance 
AA’ = uAt while the front of the pressure wave 
traverses the distance aAt < uAt, becauseu>a. 
Consequently, the wave front lags behind the 
point on the body which created the distur- 
bance Moreover, the wave front cannot 
overtake the moving body. Hence, in all of its 
successive positions A’, A’, etc., the moving 
body is outside and upstream of the fronts of 
the disturbance waves it has produced. Indeed, 
the body in moving along its flight path passes 
through every wave front emanating from the 
successive positions which the body _ has 
occupied. The different wave fronts due to the 
moving body are enveloped by a conical surface 
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7 . Figure A-26. Propagation of a Small Disturbance by a Body (A) Moving . 
ub at Supersonic Speed, and (B) in a Uniform Supersonic Flow Field : 
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known as a Mach cone, as illustrated in Fig. 
A-26(A). 


From Fig. A-26(B) the half-angle of the 
Mach cone, denoted by yp, is termed the Mach 
angle. From the geometry (see Fig. A-26(B)) it is 
seen that 


: AC _ ajfAt 1 
sin p , ( ‘) uM (A-227) 


The foregoing discussion shows that when a 
body moves in a compressible fluid with a 
supersonic speed (u>a), all of the disturbances 
created by it are confined to the Mach cone. No 
fluid outside of the Mach cone is affected by the 
moving body. The conical surface separating the 
disturbed fluid from the undisturbed fluid, 
therefore, forms a weak gasdynamic disconti- 
nuity known as a Mach wave; the latter may be 
regarded a very weak shock front (see par. 
A-8.2). 


The preceding discussions were concerned 
with very small disturbances. More intense 
disturbances give rise to analogous but much 
more complicated phenomena. 


If a relative coordinate system is employed, 
by giving the mass of stationary gas and the 
moving disturbance a velocity equal to u to the 
right (in Fig. A-26(A)), Fig. A-26(B) is obtained. 
The latter figure indicates that the influence of a 
small pressure disturbance in a uniform super- 
sonic flow field is limited to a Mach cone having 
the Mach angle yu where 


B= Tan! (A-227a) 
M? — 1 


The lines in Fig. A-26(B), denoting the limits 
of the so-called zone of influence, are called 
Mach lines. In a uniform supersonic flow field 
the Mach lines are straight lines, and the 
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properties of the flow immediately behind 
(downstream) a straight Mach line are likewise 
uniform. 


A-10.2 PROPAGATION OF STRONG _ DIS 
TURBANCES IN A COMPRESSIBLE 
FLUID 


Strong, and even violent, pressure disturb- 
ances can be propagated in a fluid by 
explosions, detonations, exit of gases with a 
supersonic speed from the nozzie of a rocket 
motor, the supersonic flight of ar airplane or 
missile, etc. The disturbances produced by any 
of the above causes differ markedly from the 
linear phenomena associated with the propaga- 
tion of sound, light, electromagnetic waves, etc. 
Perhaps the most significant characteristic 
associated with a strong disturbance is the 
formation of a surface in the flowing fluid that 
may be treated mathematically as a gasdynarnic 
discontinuity, for brevity termed either a 
discontinuity or a front?®. 


In flowing through a discontinuity, the 
compressible fluid experiences abrupt changes in 
its macroscopic flow parameters — such as the 
static pressure P, the static temperature T, the 
flow velocity u, etc. (see par. A-9.7). 


Gasdynamic discontinuities may arise in a 
body of compressible fluid even though its 
initial motion is perfectly continuous. On the 
other hand, an initial discontinuity may be 
smoothed out quite rapidly. Discontinuities in a 
flowing fluid may, in general, be classified into 
two types: 


(a) contact surfaces, and 


(b) gasdynamic discontinuities termed either 
shock waves or shock fronts. 


A contact surface is one which separates a 
fluid into two regions with no fluid flowing 
through the surface; contact surfaces will not be 
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discussed. A shock wave, on the other hand, is 
characterized by the fact that there is a flow of 
fluid through the shock front. 


A Mach wave (see par. A-8.1) may be 
regarded as a discontinuity in a compressible 
fluid across which there occurs an infiniteiy 
small change in the flow parameter. 


A-10.2.1 SHOCK WAVE OR SHOCK FRONT 


Fig. A-27 illustrates a stationary shock front 
in a gas flowing in a streamtube having a 
constant cross-sectional area. It is assumed that 
the stream tube is far removed from boundary 
er layers. 3 
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The shock wave illustrated in Fig. A-27 is 
called a normal shock because it is normal to the 
streamtube. The side through which the gas 
enters the shock wave with the supersonic speed 
u, will be termed the front side, and the side by 
which the gas leaves with the subsunic speed 
u,<u, is termed the back side of the shock 
wave. 


A-10.2.2 EXAMPLES OF GASDYNAMIC DIS 
CONTINUITIES 
Three familiar examples of gasdynamic 
discontinuities are as fcllows: 


(a) The combustion wave which is character- 
ized by a chemical reaction, 1.e., 


> 
(2) BACK SIDE OF STATIONARY 
(1) FRONT SIDE OF NORMAL SHOCK 
“. STATIONARY NORMAL SHOCK 
= STREAMTUBE 
| OF CONSTANT 
CROSS-SECTIONAL 
. CONTROL SURFACE $ aoe 
; 2 
1 \ | / | 
1 1 
U l A 
a 
! ae 
M >, : . M,<a, 
‘ G 
1 |sHocK THickness |2 
CONTF-OL VOLUME Y 
P, P, 
A, A, 
. A,r Ok 1A tA, eA 
6 0 e » a ’ 6 @ 
T,2T T , Mam mM; P >P, 
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Figure A-27. Stationary Shock Wave (Normal Shock) 
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combustion, occurring in the discontr 
nuity. 


(b) The condensation shock wave is charac- 
tenzed by the gas entering the front side 
of the shock wave containing supersatu- 
rated vapor which condenses in the 
shock wave. 


(c) The compression shock waves formed at 
the nose of a projectile, at the leading 
edges of bodics moving through the 
atmosphere at supersonic speeds, at the 
intake of a supersonic ramjet engiuie, etc. 


In the case of the combustion wave and the 
condensation shock, the fluid entering the 
discontinuity does not obey the same equation 
of state as the fluid leaving. Only in the case of 
the compression shock does the fluid entering 
and leaving the shock wave have the same 
equation of state, except for secondary effects. 
Such a gasdynamic discontinuity is known as 
either a compression shock wave, shock front, or 
shock. A shock when observed from its front 
side moves with a supersonic speed (M>1). 


In general, a shock wave is not a 


discontinuity in a strict sense because its 


thickness, denoted by 4, is finite. The physical 
properties of the flowing medium change in a 
continuous manner in flowing through the 
shock; this is true for all gasdynamic disconti- 
nuities. The changes in the flow parameters P,T, 
p, etc., are smoothed out by heat conduction 
and diffusion. 


If the shock is sufficiently strong, it may 
cause the static temperature of the gas flowing 
through the shock wave to be raised to values 
which are so high that the gas becomes 
dissociated and even ionized; there may be 
significant radiation heat transfer. 


If the shock wave thickness & is very small 
compared to an appropriate dimension of the 
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flow field —as for example the radius of 
curvature of a curved shock front — the shock 
front may be treated as a mathematical 
discontinuity. 


Consideration must be given to the effect of 
the shock wave upon the thermodynamic 
equilibrium of the gas flowing through the 
shock. When the thermodynamic equilibrium of 
a system is disturbed by an abrupt change in its 
thermodynamic properties a finite characteris- 
tic time — denoted by 7, , called the relaxation 
time — must elapse before equilibrium can be 
reestablished, approximately. 


If u denotes the mean velocity of the gas 
flowing through a shock, then 


G =T, u =a characteristic distance 


Ordinarily, o is as large or larger than a 
molecular free path A; where \~0.2(10)° fet. 


If the thickness of the shock, denoted by 4, 
is large compared to a, One may assume that 
thermodynamic equilibrium is established ap- 
proximately when the gas reaches the back side 
of the shock. In that case, the continuum 
concept and the Navier-Stokes equations are 
applicable to the shock process*?+33:36 If 
thermodynamic equilibrium is absent, the 
continuum concept is inapplicable to the flow 
and some other concept, such as kinetic theory, 
must be employed! 9-37, 


The theories regarding the causes leading to 
the formation of gasdynamic discontinuities are 
still incomplete, but the theories concerned with 
the effects they produce are well developed and 
ca.. be applied to Several practical cases. In 
general, the engineering problems concemed 
with shock fronts are ordinarily concerned with 
determining the values of the flow parameters at 
the front and back sides of the gasdynamic 
discontinuity. 
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A-10.3 THE NORMAL SHOCK WAVE 


As pointed out in par. A-10.2.] the 
engineering analysis is concerned with relating 
the flow variables at the front side of a normal 
shock to those at the back side. Fig. A-27 
illustrates the physical model. 


The control surface S$ comprises the 
crosssectional areas A, = A andA, =A, =A 
and the walls of the streamtube!!.22. There is 
no restriction on either the size or details of the 
region Of energy dissipation; it must, however, 


be inside the control volume V enclosed by S. 


In most engineering problems one 1s 
interested in relating the abrupt changes in the 
equilibnum values of h, o, and P, etc., to their 
initial values in front of the normal shock. Since 
the distance between the reference Stations 1-1 
and 1-2, denoted by dx, and also the 
cross-sectional area of the streamtube A are 
arbitrary, they may be as small as desired. 
Hence, the results of an analysis based on the 
physical model illustrated in Fig. A-27 apply to 
the local conditions on the front and back sides 
of any norma! shock. 


The basic relationships between the flow 
parameters and state properties for the fluid 
entering and leaving a normal shock are obtained 
by applying the laws of conservation of mass, 
momentum, and energy to the fluid flowing 
through a control surface which encloses the 
normal shock (see Fig. A-27). In addition, the 
second law of thermodynamics or the entropy 
principle is employed to verify that the entropy 
of the fluid flowing through the shock increases, 
Le., S, > S|. 


The following assump tions are employed: 


(a) The shock wave Is stationary and normal 
to the streamlines for the flowing fluid. 


(b) The flow is steady and one-dimensional. 
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(c) The flow passage is frictionless; it is 
equivalent to a streamtube of constant 
cross-sectional area. 


(d) The fluid entering the front side of the 
stationary shock and leaving through its 
back side obeys a known equation of 
state, and has definable values for its 
thermodynamic properties and the fluid 
velocities. 


(e) The energy exchanged between the fluid 
flowing through the shock and its 
surroundings is negligible. 


Most of the shock waves occurring in nature 
do noi satisfy all of the foregoing assumptions. 
Nevertheless, the assumptions do not introduce 
any essential lack of generality. For example, if 
the shock is not stationary but in motion, its 
motion can be eliminated by having the observer 
move with same velocity as the shock wave. 


If the shock wave is not perpendicular to the 
flow streamlines but makes an angle with them 
— 1.e., it is an oblique shock — the obliquity may 
be removed by having the observer move along 
the shock so that its tangential components are 
zero. 


A-10.3.1 BASIC EQUATIONS FOR THE NOR- 
MAL SHOCK! :78 


Unsteadiness and nonuniformity of the flow 
through a normal shock can be eliminated by 
taking a sufficiently macroscopic point of view, 
with small scales of space and time. Assuming 
steady one-dimensional adiabatic flow, one may 
apply the following basic equations to the fluid 
instantaneously inside a conirol volume which 
encloses the normal shock: 


(a) Continuity equation 


G=m/A=p,u, =p,u, =V,/u, =V,/u, 
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(b) Momentum equation 


< = = 2- 
F/A =P, + p,u; =P, +p, u; = constant 


(c) Energy equation 


Q=W=dm=dA=dT° =0 


h° =h, +u?/2=h, + uj/2= constant 


If the fluid is an ideal gas, h°=o,T°, 
then 


T°=T, +uZ [2c =T, tut [2c,, = constant 


In the above system of equations, the only 
one that involves the thermodynamic properties 
of the fluid is the energy equation. 


(d) Entropy equation 
m(s, —s,) 20 


By combining the energy and momentum 
equations, which are independent of the 
thermodynamic properties of the flowing fluid, 
one obtains the following equation: 


PLP, =m(u,—u,) = p,u; — p2U3 


=m? (v, —v,) (A-228) 


Conclusions can be drawn from Eq. A-228 
that are valid for any compressible fiuid 
irrespective of its equation of state. Thus, fora 
steady flow (m=constant) one notes the 
following: 


(a) A decrease in the flow velocity (u, <u, ) 
is accompanied by an increase in the 
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static pressure of the fluid (P,— P,> 0) 
and an increase in the flow density 
(p,>p, orv, <v,). 


(b) An increase in the flow velocity (u, 7u, ) 
is accompanied by (P,-—P, <0), and 
(9,<p or V., >vV,). 


One might conclude from Eq. A-228 that 
two types of shock waves are possible; a 
compression shock wave which reduces the 
velocity of the fluid flowing through the shock, 
and an expansion shock which makes u, >u,-A 
real shock wave, however, must satisfy the 
entropy equation (see (d) above). It can be 
shown from entropy considerations that only 
the compression shock wave satisfies the 
requirement that s, must be larger than s,'. 
Hence, all real shock waves are compression 
shoc]. waves; hereafter the word compression 
will be omitted in referring to shock waves. 


The principal equations for a normal shock 
wave satisfy the following four conditions: (1) 
h°=constant; (2) G=m/A=constant; (3) 
F/A =constant; and (4) dA/A = constant. 


It will be recalled that conditions (1), (2) 
and (4) are satisfied by a Fanno line (see par. 
A-8.3), and that conditions (2), (3), and (4) are 
satisfied by a Rayleigh line (see par. A-9.2). 


Refer to Fig. A-22, Let state a, the 
intersection of a Rayleigh and a Fanno line for 
identical values of the flow density G, denote 
the state of the fluid entering the front side of 
the normal shock. State b denotes the state of 
the fluid in the back side of the normal shock 
and is also the intersection of the same Rayleigh 
and Fanno lines. The compression shock is in 
the direction a>b (see par. A-9.7). As pointed 
Out earlier in the present paragraph, only 
compression shock waves are physically possible. 
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A-10.3.2 RANKINE-HUGONIOT EQUATIONS 
FOR A NORMAL SHOCK 


By manipulating the equations presented in 
the preceding paragraph and assuming the fluid 
is an ideal gas, one obtains the following 
equation! :28- 


P p P 
2iy?e 2 (1) (2 _ 2) (4.229) 
y-1 P» P P, 


From the continuity and momentum equa- 
tions one obtains 


P P p 
wows — ( —_ >) ( +2] (A-230) 
; ' py P, py 


and (see par. A-6.2) 


(a? .)? = 2Y RT? 


2 
= (9%)? = _4_ 
wire oo ¥+1 ~+ 1 


j 


(A-231) 


Eqs. A-229 and A-330 are basically expres- 
sions which measure the reduction in the kinetic 
energy of the fluid due to the irreversibility of 
the shock process. 


Eq. A-231 is an expression which must be 
satisfied by the gas velocities on the front and 
back sides of the shock front. It will be recalled 
the a* is the critical soeed of sound in a gas 
which is expanded isentropically to the speed u* 
(see par. A-6.1.1), the corresponding Mach 
number is M=]1. Eq. A-231, which is known as 
the Prandil relationship for a normal shock, 
shows that a supersonic flow is reduced to a 
subsonic flow when it passes through a normal 
shock; the converse is, of course, impossible. 


From Eqs. A-229 and A-230 one obtains the 
following relationship, which is known as the 
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Rankine-Hugoniot relationship for a normal 
shock? : 


p, (yt IP, + (y— DP, 


= Fe (A-232) 
Pp, (yt 1)P, + Wy —-2)P, 

From the _ continuity equation (see par. 
A-10.3.1) 


——— (A-233) 


Eq. A-232 relates the densities of the ideal 
gas in back (p,) and in front (p, ) of the normal 
shock to the corresponding static pressures P, 
and P,. Fos an isentropic change of state, the 
relationship between P and p is p./p, = 
(P,/P,)'/7 which is quite different from Eq. 
A-232. 


A-10.3.3 PARAMETERS FOR THE NORMAL 
SHOCK AS FUNCTION OF THE 
FLOW MACH NUMBER IN FRONT 
OF SHOCK 


For computation purposes it is desirable to 
express the parameters characterizing the flow 
through the normal! shock in terms of M,, the 
Mach number of the fluid in front of the shock. 
It is readily shown that for an ideal gas! 3.2 8.3 3 





= 2 aos ) 2 Y —1 2 
M, M, = = if ——) Mi; 1+) M2 
(A-234) 


from which one obtains the following equation 
for M, the Mach number in back of the shock 
(see Fig, A-27): 


_ (y—1) Mt +2 


eee ae A-235 
2 2yM? — (7 — 1) 
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The static temperature ratio T,/T, for the 
shock front, in terms of M,, is given by 
(T° = constant) 


Sot ow 
cr a’ 
2M? — (y-1)| | (y-1) M2 +2 
- (y+ 1)? Mt 
(A-236) 


The static pressure ratio P,/P, =p,/p, for the 
shock front is given by 


P 1+yM? 9 2yM? - (7-1) 
tg hs Ea es LER |e 
1 + M3 7+ 1 





i i 


The static density ratio p,/p, is given by 


— OtDM es (A-238) 
(y-1)Mj +2. u, 





The loss in stagnation pressure is a measure 
of the ireversibility of the normal shock 
process. Hence, the stagnation pressure ratio 
Po /P® is of interest. 


=a 1 
(y + 1)\M? = y+] 73 
~ 1(y —1)M? +2 2yM? — (7 - 1) 
(A-239) 
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The increase in the entropy of the gas due to 
the normai shock process, is given by! 








As _ *2 7S ei hae 2 bf (M? —1)° 
R R po 3\(y+1)? 
‘ (A-240) 


Eq. A-240 shows that the entropy increase 1s 
large when M, is significantly larger than unity. 
For weak shocks, M, close to unity, the shock 
process may be assumed to be isentropic. 


Table A-4 presents the pertinent flow 
parameters for a normal shock as a function of 
M,. 

A-10.3.4 THE RAYLEIGH PITOT TUBE 
EQUATION 


The ratio P?/P, is the ratio of the 
stagnation pressure — which will be indicated on 
a pitot tube immersed in a subsonic stream — to 
the free-stream static pressure P,. When the 
free-stream Mach number M , is supersonic, 
however, a bow shock wave forms upstream to 
the mouth of the pitot tube. Since the radius of 
the bow shock is large, it may be assumed to be 
a normal shock. In the latter case the ratio 
Po /P, is given by 


Pere (7) 
P, P, P, 
In terms of M, the last relationship becomes 


Y 7 


Om | i y+1 . 
P 2 2yM* —(y-—1) 


(A-241) 
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| ; For air, assuming y = 1.40, Eq. A-241 becomes A-10.4 THE OBLIC JE SHOCK WAVE 
| E 
7 3 po 79Mz ¥° Consider the normal shock illustrated in Fig. 
7 . 2s 1.2M? (75 (A-241a) A-28(A) and let u,, and u,, denote at the 
3 | —* P, 7M; — } front and back sides of the shock front, 
a 4 
7 F respectively. Now assume that a _ tangential 
a q Eq. A-241 is known as the Rayleigh pitot velocity u,, parallel to the shock front, is 
i tube equation. superimposed upon the entire flow field. The 
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result is illustrated in Fig. A-28(B), wherein u, 
and u, denote the resulting ‘gas velocities at the 
front and back sides of the shock, raspectively. 
From Fig. A->8(B) 


u? =u? +a? (A-242) 


and 


u? = ur, +u2 (A-243) 


Aseures that the coordinate system 1s 
rotated su that the veiocity u, is parallel to the 
x-axis, as illustrated in Fig. A-29. The latter 
figure demonstrates that if the flow direction of 
an isentropic supersonic planar flow of a 
compressible fluid is altered so that the fluid is 
compressed, dA/A decreasing, then an oblique 
shock is formed: the shock is inclined to the 
initial supersonic Siow velocity wu, . 


Figure A-29 shows that the superimposition 
of the uniform tangential velocity upon the flow 
field changes the characteristics of the flow from 
that for a norma) shock. It is seen that u, the 
gas velocity jeaving the oblique shock is smsller 
than u,. Furthermore, after passing through the 
oblique shock . streamline is deflected toward 
the shock front OL. The angie through witich 
the flow is deflected is called the deflection 
angle which is denoted by 6 is always positive. 
Another important angie is that between the 
shock front OL and the direction of u,, it is 
terrmed the wave angle, and is denoted by e. If 
e = 90°, the oblique shock becomes: a normal 
shock. 


Referring to Fig. A-29 it is apparer:t that for 
a piven vajue of the incident velocity u,,,, the 
component of u, >a, siormal to the oblique 
shock, the tangential velocity component u, can 
be varied ?rbitraiily. Hence, 21 oblique shock 
has an additional degree of freedom compared 
:9 & Normal shock. Whereas a single independent 
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variable, such as M, , determines the characteris- 
tics of a normal shock, two independent 
variables, such as M, and 4, are needed for 
determining the characteristics of an oblique 
shock. 


A-10.4.1 BASIC EQUATIONS FOR THE OB- 
LIQUE SHOCK 


The basic equations for an oblique shock are 


(a) Continuity equation (dA/A = 0) 
Py Uni ~ P2 Uy aneee 


(b) Momentum equations — 
(;) tangential direction 
u, = constant, M,= 0 


(ii) normal direction 
= 2 2 
PL — P= 0p, Uy, — 22 4Ne (A-245) 


(c) Energy equation (ideal gas, Q=W=0) 


Or 


l 3 2 ze f P, ri) 
2 iv = Ye I 7 ("3 Py wid 


(d) Equation of state (ideal gas) 


T=P/Rop 
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(e) From geometry (see Fig. A-29) 


Wave angle € = Tan! (u,,, /u, ) (A-247) 
un, Fy, sine (A-248) 

U,,, = U, sin(e — 5) (A-249) 

ux, /a, = M, sine (A-250) 


Figure A-29 shows that superimposing a 
uniform tangential velocity u, upon a planar 
flow does not affect the relationships between 
the parameters — P, T, p, etc. — for the normal 
components u,,, and u,,,. Hence Table A-4 
which tabulates the flow parameters as a 
function of M, for a normal shock can be 
employed for oblique shocks by replacing M, by 
M, Sin € and M, by M, sin(€— 4). Moreover, the 
Rankine-Hugoniot relationship (Eq. A-232) is di- 
rectly applicable to oblique shocks because it 
does not contain either u , Oru,. 


A-10.4.2 OBLIQU: SHOCK PARAMETERS 
AS FUNCTIONS OF THE MACH 
NUMBER IN FRONT OF THE 
SHOCK AND THE WAVE ANGLE (e) 


Replacing M, by M, sine in the equations for 
T,/T,, az/at, P,/P,, ,/p,, and PD/P? 
presented in par. A-10.3.3, one obtains the 
corresponding equations for those ratios for 
oblique shock waves. To illustrate consider Eq. 
A-238 for p,/P,- The ratio p/p, for an oblique 
shock is accordingly 


= 


Pp, tane N U, sine 


te Ee 
p, tan(e —~ 5) un, u,sin(é — 6) 


(y+ 1)M; sin’ € (A-251) 
(y — 1)Mf sin’ € + 2 
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Eq. A-235, which relates M, and M, fora 
normal shock, for an oblique shock becomes 


(yY — 1)M? sin? € + 2 
2yM? sin? € — (y — 1) 
(A-252) 


M3 sin? (€ — 5) = 


For an oblique shock the Rayleigh pitot 
tube equation (see Eq. A-241) becomes 


u 
po Baa 353 | (y+ 1)M? (sinte) [ (y—1)M? +2] | 7 
P- |2yM? sin? e-(y—1 2C 7 — 1M? gin? b+ 2 
(A-253) 


It is a characteristic of an oblique shock that 
the ratios T,/T,, p,/p,, etc., depend only upon 
the magnitude of u,, entering the oblique 
shock. Moreover, u,, , Must be supersonic for an 
oblique shock to occur. Hence, for an oblique 
shock to be formed the condition M, sine#1 
must be satisfied. 


To calculate the properties of the gas on the 
two sides of an oblique shock, M, and either the 
flow deflection angle 6 or static pressure P, 
must be known. The deflection angle 6, M,, and 
the wave angle € are related by *8 


+ M* 
Jt 5 soa Varin - = 1) — ] tane 
tan 2 M, sin” € — y (A-254) 


Or 


M* sin’ e — | 


tané = 2[ ————_———__—___ ] cotte (A-254a) 

(5 (y + cos2e) + ) 

Examination of Eq. A-254a shows that 
tand=QOfor two different values of the wave 
angle €; i.e., when €=7/2 (normal shock), and 
e=Sin~ '(1/M, ) which corresponds to no shock. 
Since the angle 6 is always positive, as pointed 
Out in par. A-10.4, it must have a maximum 
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value, denoted by 6,, and called the maximum 
deflection angle. lf 5 is plotted as a function of € 
the maximum deflection angle 6,, lies between € 
= Sin” '(1/M, ) and e€ = 2/2. 


By means of Eq. A-254 it can be shown that 
for an ideal gas with y =1.40, such as air at 
ordinary temperatures and pressures, the maxi- 
mum deflection angle 6, = 45°22’. The value of 
€ corresponding to 6,, is denoted by €,, which 
is given by?8 


_2 _ 1 Jiytl\,, 
sin Em aoa —] + 
1 


i 
y¥—1 y¥+1 
+1)4 1 +— M? + ——mM?‘4 
E ( 5 M; T3 mh 


(A-2Z55) 


Fig. A-30 presents 6, and €,, as functions 
of M,, the Mach number in front of the oblique 


shock, for an ideal gas with y= 1.40 (air). If the 
deflection angle 6 is larger than 6,, then the 
oblique shock detaches from the comer O. 
Increasing 6 beyond 6,, causes the shock to 
mave upstream and it tends to transform into a 
normal shock, as illustrated schematically in Fig. 
A-31. 


If 6 is plotted as a function of e with M, asa 
parameter, as is illustrated schematically in Fig. 
A-32, then the following conclusions may be 
drawn: 


(a) For each value of M, there is a 
maximum value for 6. 


(b3 If o>6 then for each value of M, , and 
5 there are two possible values for €. 


(c) The larger value of € corresponds to a 
strong shock and the smaller to a weak 
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shock; it is the weak shock that normally 
occurs. 


(d) From the curve in Fig. A-32 that 
corresponds to the locus of the condt 
tions corresponding to M, = 1, the follow- 
ing are obtained: 


(i) solutions for strong shocks always 
pive M, <1. 


(i1) solutions for weak shocks always 
give M, >1, except for a small range of 
values where 6 is only slightly larger 
than 6,,. 


A useful relationship between 6 and € can be 
Obtained from Eq. A-251 by dividing the 
numerator and denominator of the last expres- 
sion on the right-hand side by (M*sine)/2 and 
solving for 1/(Mj sin?e). After some algebraic 
reduction one obtains 


” + e 2 ° 
M? sin? € — } “(141m sin“¢ sind (A-256) 


2 1 cos(e — 8) 


For small deflection angles, i.e., 5>0, Eq. 
A-256 may be approximated by 


M? sin? ¢ — | ~e M? tané (A-257) 


A-10.4.3 PRANDTL RELATIONSHIP FOR 
OBLIQUE SHOCKS 


The Prandt! relationship for a normal shock 
is given by Eq. A-231, which is repeated here for 
convenience 
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Streamlines 
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Figure A-31. Illustration of Detachment of an Oblique Shock Due to Flow 
| Deflection Angle & Exceeding 5, 


In Eq. A-231, u, and u, are the gas 
velocities normal to the shock front, i.e., they 
correspond to the normal velocity components 
u,, andu,, in the case of an oblique shock. 
Hence, the stagnation temperature T° in Eq. 
A-231 corresponds to that based on the velocity 


component u,,, Or u,,,. 


If T° is the stagnation temperature corte- 
sponding to either u, oz u, for the oblique 
shock, then it exceeds the stagnation tempera- 
ture based on u,, oru,,, by 


ur _ (y-1) 





u2 
T 
Cy 2Ry 


Ne 


Hence, the stagnation temperature based on Un, 


oru,,, 1s accordingly 


i {y-1 
Ow. *_ : es 2 
T (Ee ) 03 
u. =—uU 


Substituting u, = u.,, u, 2? and the 
above equation into Eq. A-231 gives the Prandtl 
relationship for an oblique shock. The result is 


= oo l 
Uy, Uys (a¥)? — (at) us (A-258) 


In Eq. A-258, either u, or u, can be 


employed for calculating a* (see par. A-6.1.1). 


A-10.4.4 CHARTS PRESENTING RELATION- 
SHIPS BETWEEN THE PARAM- 
ETERS FOR OBLIQUE SHOCKS 


There is no entirely satisfactory graphical 
method for presenting quantitative information 
pertaining to oblique shocks. Because of the two 
degrees of freedom of an oblique shock, one of 
the parameters must be specified. Consequently, 
several charts are required for presenting the 
desired information. The charts presented in this 
paragraph are listed below; all of them apply to 
a gas having a specific heat ratio of y = 1.40. 


Fig. A-33(A) M. as a function of M, for 
different values of 6, 

Fig. A-33(B) Wave angle e asa function of 
M, for different values of 8. 

Fig. A-34(A) Static pressure ratio P,/P, as 
4a function of M, for differ- 
ent values of 6. 

Fig. A-34(B) Stagnation pressure ratio 


oy [P° «$a function of M, 
for different values of 6. 
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Fig. A-35 Density ratio p,/p, as a 
function of M, for different 


values of 6. 


A-10.4.5 APPLICATION OF NORMAL 
SHOCK TABLE TO OBLIQUE 
SHOCKS 


The tables for a normal shock can be 
employed for obtaining relationships for oblique 
shocks. To do that the following procedure is 
recommended: 


(a) From given values of M, ande compute 
M,,, =M, ane 


(b) Replace M, in rhe normal shock table by 
M,,, ; the vidas of P _/P,.0,/P,.T 5/T,: 
and PO/P? can then be read directly 


from the normal shock tables. 


red a9 


rp | 





34 


wv 
“tha 





2.6} 


2.2 


DENSITY RATIO p/p, 


“TT 


1.4 


0 2.0 


Ses 

SE 
= aa 
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(c) From the data giving M,, €, and 6, 
compute M, in back of the normal 


shock from 
_ (M, Normal Shock Table 
i 
sin(eé —45) 
EXAMPLE A-5” 


Air having an initial Mach number M, = 2.4, 
a free-stream static pressure p, = 14.7 psia, and 
an initial static temperature of 60°F is deflected 
through an angle 6 =11° by a smooth surface 
(see Fig. A-29). Calculate (a) the static pressure 
Pe. , (b) the density p, , (c) the static temperature 
T,, (d) the normal velccities u, , and u, 5, (e) 
the decrease in total pressure, “) the entropy 
change, and (g) the Mach angles in front and in 
back of the shock. Check the results obtained by 
the energy equation. 
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Figure A-35. Static Density Ratio p,/p, as a Function of M,, the Mach 
Number in Front of the Oblique Shock, for Different Values 
of Deflection Angle 6 (y = 1.40) 
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SOLUTION. 


From Fig. A-33(B) and Table 56 of Ref. 9 
for 5=11°and M, = 2.4; e=34°and e—5=23°. 


From Figs. A-33(A), A-34(A), and A-35, or 


Tables 57, 58, and 59 of Ref. 9, for §6=11°and 
€ = 34°, 


P, P, 
M, = 1.959, — = 1.935, — = 1.589 
P p, 


(a) p, = 1.935(14.7) = 28.4 psia 


(b) p, =P, /RT, = 14.7(144)/ 
(1714)520=0.00237 slug/ft? 


p, = 0.00237(1.589) = 0.00376 
slug/ft? 


(c) T/T, = (P,/P, /(o,/e,) = 1.935/ 
1.589 = 1.22 


T, = 1.22(520) = 635°R or 
175°F 


(d) u, =M,a, = 2.4(1120)=2700fps - 


un, =4, sine = 270Q(0.559) 
= 1508 fps 


M,,, = 1508/1120 = 1.345 
a, = 1120,/635/520 = 1240 fps 


un, =U, sin (e — 6) = 2420(0.391) 
= 945 fps 


M,,. = Uy ,/a, = 9945/1240 
0.762 (subsonic) 


(e) PO =p (1 +0.2M?)** 
= 14.7 1 + 0.2(2.4)| = 
= 216 psia 
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— (2700)? 


— 1 oe QR 


be, 
“4? : 
PY = p,(1 + 0.2M3 )?-5 = 207 psia 
APO = pO_ P°= 216 — 207=9 psia ; 
PO /PO = 216/207 = 1.042 or 
Po /P° = 0,959 


From Fig. A-34(B), PO /P° = 0.96 (check) 
(f) As= _R_ in ( =) (= 
i Some 1 P, P. 


. 1714 1, 
778(0.4) in [ (1.935) (1/1.589)':4 ] 


= 5.48 in (1.013) = 5.48(0.01295) 
= 0.071 B/slug-°R 


Check by means of energy equation 


hy 1 )i-2+(1) % 
Z y—1} p, 2 y¥—1 p. 


w 


+ 3.5 (14.7) (144) © (2420)? 
0.00237 2 


(28.4) (144) , 09 6 6 
= e ee NA ° 
30) 0.00376 6.7735(10) 6.72(10) 


Both sides agree to within 0.81%. 


A-1] SUPERSONIC FLOW OVER AN INFI- 
NITE WEDGE 


Fig. A-36 illustrates schematical}y an inti- 
nitely long symmetrical wedge immersed in a 
Supersonic flow; the width of the wedge 
perpendicular to the plane of the paper is 
infinite. Assume that M, for the incident flow is 
large enough to produce a wave angle € which is 
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equal to or greater than the semi-angle of the 
wedge, denoted by 0, If 6,,<6,, an oblique 
shock will emanate from the apex of the wedgc, 
as shown in Fig. A-36, and the streamlines for 
the flow are deflected so that they become 
parallel to the surfaces of the wedge. Because 
the gas is compressed by the shock front, the 
streamlines parallel to a surface of the wedge are 
spaced closer together than those for the 
incident flow. 


Because of the symmetry of the flow over 
the wedge, the flow pattern for the complete 
wedge can be obtained by considering the flow 
over only one of its surfaces. For an 
unsymmetrical wedge, however, the fiow over its 
two surfaces must be studied separately. 


As pointed out in tle preceding paragraph, 
for a given value of M_ there is a maximu:n 
value of the deflection angle 6,, for the shock to 
remain attacked to the vertex of the wedge, and 
the corresponding wave angle is €,, (see Fig. 
A-30 and Eq. A-255). Hence, when the wedge 
angle 6,, is smaller than bmp the shock front is 
attached to the vertex of the wedge and the 
supersonic flow is deflected through the angle 
6=6... Consequently, for a shock front to 
remain attached to the vertex of a symmetrical 
wedge, assuming the flowing gas has a y=1.40, 
the maxiinum permissible wedge semi-angle is 
6,= 5.47 45 22', which corresponds to M, =°%. 
In other words, for the shock to remain attached 
to its apex the wedge angle 20, cannot exceed 
the 25,, corresponding to the Mach number M, 
for the incident flow. If the wedge is unsym- 
metrical, the shock remains attached as long as 
neither of its two semi-angles is larger than the 
bm corresponding to the Mach number M, for 
the incident fiow. 


If the wedge semi-angie 6, > 6,, fora given 
M,, the shock front becomes detached, as 
illustrated in Fig. A-36(B); the detached shock, 
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also called a bew shock, moves a distance 
upstream from the vertex of the wedge that 
depends upon 6,, and M,. The portion of the 
bow shock immediately in front of the vertex of 
the wedge is practically normal to the incident 
flow and may be considered to be a normal 
shock. 


On either side of the portion of the bow 
shock that may be assumed to be a normal 
shock, the shock front becomes oblique and 
decreases in strength in the directions normal to 
the incident flow. At large distances from the 
apex of the wedge the oblique shock degenerates 
into a Mach wave with the inclination sin vw, = 
1/M,. The exact position and configuration 
of the detached shock cannot be determined by 
calculation. 


The larger the wave angle e, the stronger the 
shock front for a given supersonic Mach number 
M, and the larger the “shock drag’ of a body 
wetted by a supersonic flow. Consequently, if a 
body in a supersonic flow is to have a small drag, 
it should not produce a large wave angle €, 1.e., it 
should be sharp rather than blunt so that the 
flow deflection angle 6 will be small. 


In a practical device, the wedge would be of 
finite length. Consequently, the gas after flowing 
over the wedge is deflected by the change in the 
configuration of the surfaces wetted by it, and 
the flow conditions in back of the shock front 
are influenced accordingly. 


To determine the characteristics of the 
supersonic flow over a wedge, the equations and 
charts presented in par. A-10.4 are employed. 
The .oilowing two steps are required: 





(a) For the given value o. M,, the 
corresponding value of 6,, Is determined 
from Fig. A-30. 
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(b) If bmn ow: the shock is attached and 
M,, P., P>, p,, etc., can be calculated 
from the equations for oblique shocks or 

_& read directly from Figs. A-33(A}, A-33(B), 


=P A-34(A), A-34(B), and Fig. A-35. 


EXAMPLE A-6. 


Alr at standard sea level flows toward an 

infinite frictionless symmetrical wedge with a 

Mach number M, = 2.0. The included angle of 

the wedge is 28, = 30°. Calculate the following: 

(a) the wave angle e, (b) the Mach number M, in 

back of the oblique shock if one is formed, (c) 

the static pressure on the wedge surfaces, (d) the 

change in the stagnation pressure of the air, and 

. (e) the static temperature of the air flowing over 

~ * the wedge surfaces. 


a SOLUTION. 
From Fig. A-30, for M, = 2.0,5, = 24° 
From data, 6 = 8,.=15° which is less than 
5, Hence, an oblique shock is attached to the 
vertex of the wedge 


tand = tan 15° = 0.26795. 


(a) Wave angle (€). From Eq. A-254 


1/0.26795 = {(2.4/2) [4(4sin2e — 1) —1 } tane 


Solving the above equation yields € = 
. 45°20’; sine = 0.7112 


Check by Fig. A-33(B). 


. (b) Mach number M, in back of shock 
~° Eq. A-252 
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(0.4)M? sin’ ¢ +2 


M? sin? (€ — §) = —-——________ 
(2.8)M? sin? ¢ — 0.4 
(e — 5) = 45°20’ — 15° = 30°20’ 


sin (€ — 6)=0,.50503,sine = 0.7112,M, =2.0 


Substituting the above values into Eq. A-252, 
yields 


M, = 1.447 (check by Fig. A-33(A)) 
(c) Static pressure (P,) 
Replace M, in Eq. A-237 by M, sine to 


obtain P,/P, for an oblique shock. Hence 
(y = 1.40) e 


2yM* sin*e —(y - 1) 


P = 
,/P, y + | 
or 
P, /P, = 2M?sin? « ~ 2 = 2.19 (Check with 
Fig. A-34(A)) 
P= 2.19,P = 2.19(14.7) = 32.2 psia 


(d) Change in stagnation pressure (PO -- Po) 


y-1 Wy) 
p> =P, 1 +—— M; .(M, = 2.0, 
M, = 1.447) 
~ 32.2 [1 + 0.2(1.447)?] °*s 32 .2/3.395 
= 110 psia 


PO = 14.7(1+0.2M?) ©°=14.7/7.825 
= 115 psia 
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PO/PO = 110/115 = 0.995 (Check with 
| Fig. A-34.(B)) 


(e) Temperature (T, ) 


Eq. A-25] 


Py _ tan(e—65) _ tan (30°20) _ 0.5851 
p, tane tan (45°20’) 1.012 


= 0.580 
(Check by Fig. A-35) 


2 


ae be = 2.190.580) = 1.27 
Tp (,)> (0.580) = 1. 


T, = 520(1.27) = 660°R 


A-12 SUPERSONIC FLOW OVER A CONE 


The supersonic flow of air over a cone is of 
interest to propulsion engineers because the 
cone can be employed for diffusing the 
supersonic airstream entering an air-breathing 
engine for propelling a vehicle at supersonic 
speeds (see par. 1-5). Furthermore, the ‘“‘noses”’ 
of supersonic missiles and the fuselages of 
supersonic aircraft have conical shapes. 


The flow of a gas over a cone is 
three-dimensional which leads to complexities 
beyond the scope of this handbook. Solutions of 
the basic differential equations have been 
obtained, however, fora limited number of cone 
angles. The experimental and the theoretical 
results are in good agreement?®:4°-*!'. The 
results presented herein assume the following: 


(a) The flow is symmetrical with respect the 


axis of the cone, as illustrated schemat- | 


ically in Fig. A-36. 
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(b) The flow is steady and isentropic in 
front of and in back cf the conical shock 
wave attached to the vertex of the cone. 


(c) The properties of the flowing gas (P,p) 
and its velocity u are constant along any 
conical surface, located between the 
conical shock wave and the cone. 


Fig. A-37 illustrates schematically the flow 
of a gas over a symmetrical cone at zero angle of 
attack. In view of the aforementioned assump- 
tions, the study of the flow over a cone is based 
on the study of a meridian section AOB having 
the polar coordinates r, 6. i 


Fig. A-38 compares the isentropic supersonic 
flow of a gas over a cone having the semi-cone 
angle 0, with that over a wedge with semi-wedge 
angle Oy =@.. To satisfy the continuity 
requirement for steady fiow, the mass flow rate 
of the gas flowin in a streamtube entering the 
shock must remain constant as the gas flows 
Over the cone. Consequently, the streamlines 
must curve after passing through the conical 
shock. In the case of the supersonic flow of a 
wedge, the conditions in back of the shock 
remain uniform and the streamlines are parallel 
to the surface of the wedge. 


Because ci the convergence of the stream- 
lines after passing through the conical shock, 
isentropic flow compression (diffusion) of the 
gas occurs between the conical shock and the 
surface of the cone. 


Fig. A-39 presents the conical shock angle €, 
as a function ci the Mach number in front of the 
conical shock M,, for different values cf the 
semi-cone angle @. (for a gas with y = 1.40) tora 
symmetrical cone. Curve A is the locus for the 
values M, and G. that cause shock detachment. 
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Figure A-37. Supersonic Flow Over a Symmetrical Cone at Zero Angle of Attack 


Fig. A-40 compares the detachment angles 
for a cone and wedge as a function of M,. It is 
seen that the cone has the larger detachment 
angles. Fig. A-41 presents M,, the Mach number 
at the cone surface, as a function of M, for 
different semi-cone angles 60, for gases with 
+7 = 1.40. 


Fig, A-42 presents the stagnation pressure 
ratio PO/P? as a function of M, for different 
semi-cone angles, for gases with y = 1.40. 


Fig. A-43 presents the ratio P./P?, where P,, 
is the static pressure on the cone surface, as a 
function of M, , for different semi-cone angles 
6, fur gases with y = 1.40. 


A-13 PRANDTL-MEYER EXPANSION FLOW 


In par. A-10.4.3 it was shown that the 
supersonic flow of an incompressible fluid into a 
concave corner, dA/A negative, caused the fluid 
to be tumed through the positive angle 6 by an 
cblique shock wave, as illustrated in Fig. A-29. 
If a gas flows supersonically toward a convex 
corner however, a centered expansion wave 
occurs instead of a shock wave. The type of 
flow which occurs when an ideal gas flows 
supersonically around a convex corner under 
isentropic conditions is known as Prandtl-Meyer 
flow>: 35,43, 44, 45. 


Fig. A-44 illustrates the case where the 
steady, isentropic, two-dimensional, supersonic 
flow of an ideal gas flows parallel to a 
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(B) 


Figure A-28. Comparison of Streamlines for the Supersonic Flow Over a 
Frictionless Infinite (A) Symmetrical Wedge, and (RB) Symmetrical 
Cone, at Zero Angle of Attack 


frictionless plane AO with the Mach number M, 
At O the flow encounters the convex corner 
formed by the intersection of AO with the 
frictionless plane OB; the frictionless plane OB 
slopes away from the direction of the incident 
flow of the ideal gas. Obviously. if the flow is 
eventually to become parallel to plane OB it 
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must accelerate and rotate about the comer O 
due to the disturbance it causes. Hence, the 
flowing gas must expand so that P,<P, and 


p,<\p,, where the subscript 2 denotes the 
condition where the flow velocity is parallel to 
plane OB. 
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Figure A-39. Conical Shock Wave Angle €, as a Function of Me . the Mach Number 
: in Front of the Conical Shock, for Different Semi-cone Angles Od .. (y = 1.40) 
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Figure A-40. Shock Wave Detachment Angles (for Semi-wedge and Semi-cone) as Functions of 
the Mach Number M, in Front of the Shock Wave 


The theory of the Prandtl-Meyer flow is 
based on the following assumptions: 


(a) The fluid is an ideal gas and the flow is 
steady, isentropic, and two-dimensional 
throughout. 


(b) The streamlines of the incident flow are 
parallel before the gas turns around the 
convex corer. 


(c) All the properties of the fluid—after the 
turn around the comer is completed—are 
constant throughout so that the stream- 
lines are paralle] to OB after the turning 
is completed. 


(d) During the turn all of the fluid 
properties are constant along a radial 
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line, called either a Mach line or a 
characteristic line, which is drawn 
outward from the corner O. 


Because the disturbance produced by the 
comer is very weak — a Mach line, or Mach 
wave, OD is propagated radially outward from 
the corner O--and makes the Mach angle 
u=sin~' 1/M, with the incident flow velocity 
u,; the supersonic flow is unaware of the 
disturbance produced by the convex corner QO 
(see par. A-10). The flu.3 velocity normal to 
Mach line OD is equal to the local acoustic speed 
a, sinceu,, =u, sinu, = u,/a, =a,. 


The flow turns after it crosses Much line OD, 


and all of the changes in the static pressure of . 


the gas are transmitted across a series of Mach 
lines emanating from O. The expansion process 
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Figure A-42. Stagnation Pressure Ratio P? /P? for a Conical Shock as a Function of M,, 
the Mach Number in Front of the Shock, for Different Semi-cone Angles @ (vy = 1.40) 
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Figure A-43. Pressure Ratio Palle as a Function of M,, the Mach Number 
in Front of a Conical Shock, for Diftere:it Semi-cone Angles 0 o (y= 1.40) 


is completed after the gas crosses the last Mach 
line, denoted by OE in Fig. A-44(A); thereafter, 
the streamlines are parallel to OB and the gas 
velocity is u,. The region bounded by the Mach 
lines OD and OE is called the “expansion fan’’, 
and it is within the expansion fan that the 
expansion of the gas occurs. AS a consequence 
of the expansion, the static pressure of the gas 
decreases from P,=P* to P,<P*, the density 
decreases from p,=p* to p,<p, and the velocity 


of the gas increases from u, =a,=a* to uu. 
Furthermore, the streamlines of the flow are 
deflected through the angle 6, called the 
Prandtl-Meyer angle. 


A characteristic of any Mach line drawn 
within the expansion fan DEO, Fig. A-44(A) is 
that the thermodynamic properties of the gas 
and its Mach number are constant along its 
entire length. The angle between a Mach line 
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Figure A-44. Prandtl-Meyer Expansion Flow Around a Convex Corner 


corresponding to the Mach number M and the 
direction of the flow is the Mach angle yu, where 


= sin~! (1/M) (A-259) 


rig. A-44(B) ilustrates the case where the 
Mach number of the incident flow is 
M, =u, /a, =1. In the case OD, the initial Mach 
line of the expansion fan is perpendicular tou, . 
The Mach line corresponding to the sonic flow is 
a convenient line from which to measure the 
angular rotdtion of the two-dimensional gas 
flow. The Prandtl-Meyer angle for the sonic flow 
is denoted bv 6*. 
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Let @ denote the angle between the sunic 
Mach line OC and the Mach line OD, 
corresponding to M=M,. Then the Prandtl- 
Meyer angle 6* is given by 


S*= 9 — (1/2 —p) (A-260) 


( 
: 
+ 
a 
o 
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It should be observed that the streamline 
illustrated in Fig. A-44 may be assumed to be 
the frictionless bounding surface required for | 
Obiaining an isentropic expansion of a sonic 
flow :tarting at the point a’, and extending 
beyond point 0°; the required length for the 
bounding surface depends upon the back 
pressure P,. 
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It can be shown that &* is given by 


5¢=b Tan! MOI —tan?./M, -1 


(A-261) 
where 


=- 
b= a (A-262) 


For gases with y = 1.40(air) 


2] : 
6*=,/6 Tan“! MN tant SWI 


(A-263) 


The deflection angle 6 for a flow which 
expands from M, to M, is given by 


— Tan“! 


+tan /M? —1 


The maximum expansion of the flow occurs 
when M,=o9, and the corresponding deflection 
angle is the limiting deflection angle 6,, for aay 
value initial Mach number. if M=1,then the 
limiting value of 6*, denoted by 66, for a gas 
witn y = 1.40, is given (using Eq. A-264) by 


(A-264) 


b* =\/ 6 (a/2) — 1/2 = 1.449(90)= 130.4° 


According to the Prandtl-Meter theory the 
supersonic flow of an ideal gas can be tumed 
through quite large angles without separation 
phenomena occurring. In the case of a real gas 


p) 
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flow, the possible deflection angie without flow 
separation will be smaller than that predicted by 
theory. Furthermore, the thecretical maximum 
deflection angle for a sonic flow is5* = 130.4° 
corresponds to a final static pressure P, =0; at 
very low static pressures the assumption that the 
gas is a continuum is invalid. 


Ordinarily, the greatest interest is in the 
static pressure of the gas after the Prandtl-Meyer 
expansion, It is readily determined when M, and 
M, are known for the isentropic expansion. In 
terms of the constant stagnation pressure P° 
one obtains 


= 
P 2 yi 
pe 2 2 


The static pressure ratio for the expansion is 
given by 


(A-265) 
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Fig. A-45 presents the Prandtl-Meyer angle 
6* as a function of M,, for different values of +. 


Fig. A-46 presents the Prandtl-Meyer turning 
angle 6* as a function of the final Mach number 
M, for different values of +. 


Fig. A-47 presents the maximum Prandtl- 
Meyer turning angle 65, as 2 function of the 
ratio of specific heats +. 


EXAMPLE A-7, 


Air approaches a convex comer with 
supersonic velocity. Afier expanding around ine 
corner, its final direction is 10° clockwise from 
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: its initial flow direction. The initial flow (b) Final static pressure (P,) a 
conditions are M, =2.0,P, = 14.7 psia, and bs 
: . T,=520°R. Assume that y= 1.40 and the p p $ 
: . -= expansion process is isentropic. Calculate the 2 a oe es $ 
: = following: (a) the final Mach number M,, (b). P, po P, si 
the final static pressure P,, and (c) the final | c 
j temperature of the air a; ; : (PD = Pp» = P° for an isentropic flow) | 
: 
SOLUTION. Hence : 
For M, = 2.0, M* — 1 = 1.732, 
¥ oe 
J (M? — 1)/6 = 0.7071 ,/6 = 2.449, 1+ (2 i a m 
Pe 2 '] 0.0708 _ ) cc, | 
7 w= Sin~’ 1/2 = 30° (from Eq.A-259) P 1+ (* "Me 0.128 ae 
- 
Tan! 0.7071 = 35.27°, : 
Tan~' 1.732 = 60° P, = 14.7(0.553) = 8.13 psia ae, 
Eq. A-263 


(c) Final temperature (T, ) 
6* = 2.449 (35.27) — 60 = 26.38" 


Flow is isoenergetic so that T? = T2 = T° = 


6* = 5*+ 10° = 26.38° + 10° = 36.38" constant. Using Eq. A-109 
(a) Final Mach number (M, ) * 
rt. T_ 1+0%4) _ 1.80 
From Eq. A-264 (by trial and error) T, T° T, 14+0.2(5.69) 2.138 
; a, Hence 
M, = 2.383, M2 = 5.69, u, = Sin~!(1/2.383) 
wuae T, = 520(1.80)/2.138 = 439°R 
: 
| 
A-1} 11 
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LOT A AMR NG EN 


= ed 
. 


3.CO0 
3.02 
3.04 
3.06 
3.08 
3.10 
3.12 
3.14 
3.16 
4.18 
3.2C 
3.22 
3.24 
3.26 
3.28 
3230 
3.32 
3.34 
3.36 
3.38 
3240 
3042 
3.44 
3246 
3.48 
3.50 
3.52 
3.54 
3.56 
3.58 
3.60 
32-62 
3.64 
3.66 
3.68 
3.70 
3-72 
3.74 
3.76 
3.78 
3.80 
3.82 
3.84 
3.86 
3.88 
3.90 
3.92 
3.94% 
3.96 
3.98 
4.00 


% % 


M = u/u 
? 255289 
2056459 
2.57622 
2.-5877TT 
2? 259926 
2e61N067 
226220) 
2063328 
2264448 
2265561 
2266667 
2-67765 
2.48857 
2269942 
2.71020 
2-72091 
2.73155 
2274213 
2075264 
2.16307 
2077345 
2.78375 
2279399 
2280416 
2.81427 
? 0282431 
2.83429 
2224420 
2 685405 
2 086363 
2.87355 
2288320 
2.39279 
2290232 
2.91179 
2-92120 
293054 
2293982 
229490% 
2295820 
2296730 
2297634 
2298532 
2299424 
3.00310 
3-C1190 
3.02065 
3002933 
3203796 
3.04653 
3.05505 


T/T° 


e58966+0 
e58680*0 
e68396+0 
e68112+0 
067828+0 
61545+0 
°67262+C 
6698046 
6469940 
©66416+0 
6613840 
065858+4+C 
0%5579+4+0 
06530140 
© 650234+0 
6474640 
~64470+0 
6419440 
e635 19+0 
06364540 
06337140 
6309940 
062827+0 
06255640 
062728540 
e629016+0 
o511474+0 
06147940 
6121240 
260345+0 
~60680+0 
060415+C 
6015140 
0598 8atC 
o59626+0 


-59365+0 © 


e59104+0 
~-582845+0 
e58566+0 
e58329+0 
©58972+0 
25781640 
57156140 
037307+0 
©57054+0 
e5368C2+0 
5655140 
©56301+0 
©56051+C0 
0558C4+C 
= 555640 


ps p° 


o1678&6-1 
- 16038-1 
©15322-1 
0 14536—-1 
ei39#D-]) 
213351l-1 
012749-] 
ei2l73-1 
e11622-1 
e11095-1 
e10591-1 
eiG1C9-1 
0964 14-2 
092964-2 
0 87848-2 
e83818-2 
e 79966-2 
e 16244-2 
e?2T61-2 
e694C6-2 
°-66195-2 
e63128-2 
©60199-2 
0574C2-2 
054731-2 
0521802 
049145-2 
°41421-2 
©45203-2 
o4#3086-2 
©41065-2 
e329137-2 
e3T29E-2 
o 39543-2 
« 33869-2 
e322 12-2 
e 30749--2 
0 29256-2 
o21911-2 
e265S50-2 
0 25310-2 
0241 79=—2 
0229 84-2 
e21BS3-2 
e20853—-2 
o198é1l-2 
~ 18916-2 
e18016-2 
el71l57-2 
oe 16339=-2 
el SEé0-2 
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oe 2434C-1 
023352-1 
e22402-1 
o2l148G-1 
e20610-1 
e19766-1 
e 18954-1 
©18174-1 
017425-1 
el6705-1 
e16C013-1 
© 15349-1 
e14711-1 
~14098-1 
2 13510-1 
o1294E-)} 
0o12404-1 
e11883-1 
eo 11384-1 
-10905-1 
e10446-1 


_ «l10005-1 


958172 
e91761-2 
e87T871-2 
e84141-2 
e 80564-2 
e 17134-2 
e 13847-2 
e (0696-2 
©67675-2 
0e64781-2 
e62007-2 
e 59 349-2 
© 56HU02-2 
054362-—2 
05 2024-7 
© 497T85-2 
o4164C-2 
0 45586-2 
©43619—2 
041735-—-2 
a 39930-2 
2 38203-2 
e 365459—2 
« 34966-2 
e 33450-2 
319992 
e 306102 
0 2928C—-2 
e2t0Cs-e¢ 


F/F* 


01472341 
01477341 
e14822+) 
al4871L41 
oe 14920+] 
0149694) 
-15017+1 
150651 
e15113+1 
01516141 
© 152081 
01525641 
153031 
0153494] 
1539641 
015442 +1 
oe 15488+1 
0155344] 
1558041 
~ 15625+1 
el567041 
el57154i 
~1576041 
1580441 
oe l5848+1 
o158S2+] 
0159364] 
159791 
elL6022+1 
-16065#1 
elo1lC8el 
0161501 
elb192¢1 
eo 1623441 
elS276+41 
e163139+41 
01635941 
© 164CO0+1 
0 1L6441 41 
elb48le)] 
e1l6522+1 
e 1656241 
16601 +1 
1664141 
el66801 
elo72c+} 
167594] 
elo 79741 
»=1l6836+1 
0168744) 
°16912+)1 


Compressible Flow Functions for Isentropic Flow, y = 1.10 : 
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Compressible Flow Functions for 
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M” = u/u" 


3.2C5505 
4.0635) 
3-O07191 
4.08925 
4.CBaS5 
4.09678 
4210496 
3211309 
3.12116 
3.12918 
4213714 
4214505 
3215291 
3.16072 
3216847 
%e1 7617 
3.18382 
3.219142 
3.~19897 
4220647 
3221392 
3222131 
4222866 
3223596 
462432) 
3.25042 
9e25757 
3.26466 
3.27174 
3.27875 
3228571 
3229263 
3.29950 
32 306 33 
3231311 
3.31985 
3.32654 
3234318 
4233978 
32346 34% 
3.35285 
3.35932 
3236575 
3.37213 
323 784R 
3238478 
3239103 
3.39725 
4.40342 
3.40956 
3241565 
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TABLE A-l 


T/T? 


221555640 
95930946 
© 9506440 
5481940 
0545 764C 
2 9433340 
540924C 
e538351+0 
05361146 
o 53373+0 
0o531354+C 
05789840 
o 5766340 
© 5242840 
25219440 
e51962+0 
©51730+0 
5149940 
©51269¢t0 
e51041+0 
25081340 
e 50586+0 
2 50361+0 
2 50136+0 
o49912+0 
496 89+0 
»49468+t+0 
4924740 
@49027+0 
«4880940 
e 48591 +0 
48371440 
°48158+0 
04194440 
«4773040 
04751740 
© 41306+0 
2471C95#0 
o46885+tC 
e466 76+0 
4646840 
4626240 
« 46056+0 
4585140 
o456474C 
@45444+0 
© 4524240 
© 45041+0 
«4484140 
@4£4642+C 
© 4444440 


pspo 


e L55EC-2 
01481 7-2 
el4116-2 
0134 46-2 
el2lS93-2 
el2lso2—-2 
eo l1L5S9-2 
elL1l1044-2 
e10515-2 
elCOl2-2 
095321-3 
©90753-3 
e 864C 3-3 
e82261-3 
e 78316-3 
e 74560-3 
e 10983-3 
©675178-3 
©643435-3 
eS1247-3 
e 583C8-3 
e 555C9-3 
e52845-3 
e 50308-3 
© 41853-3 
e455S4-3 
e434C6-3 
041322-3 
e 39 339-3 
e 31451-3 
© 35654—3 
e 3394 3-3 
e 32315-3 
e 30 765-3 
0 29289-3 
e27885-3 
e26548-3 
0 25275-3 
e24064-3 
e22911-3 
e21814-3 
e20770-3 
el97T6—-3 
e 18829-3 
01792S-3 
~l7071-3 
© 15255-3 
e 15479-3 
0o14739-3 
e 14036-3 
e133¢6-3 


p/p? 


e280C8-2 
26190-2 
© 25624-2 
e24509-2 
02 3442-2 
e22420-2 
021443-2 
205082 
e19614-2 
e18758-2 
o17939-2 
e17156-2 
~ 1640T7-2 
© 15690-2 
e15005-2 
01 4349-2 
e13722-2 
e13122-2 
2 12548-2 
e12000-2 
e11475-2 
el0973-2 
~10493-2 
e 10034-2 
©95955-3 
091756-3 
877145-3 
°e83908-3 
e80239-3 
© /6/130-3 
eo 73375-3 
° 1/0168-3 
2e67101-3 
e64168-3 
©61364-3 
59868 3-3 
©56120-3 
e53869-3 
°51326-3 
°49086—-3 
© 46944-3 
©44896-3 
042938-3 
e41066- 3 
o3927T1T-3 
e37566-3 
e 35930-3 
© 34365-3 
eo 3287C-3 
© 31440-3 
«30073-3 


F/F* 


elL6912+1 
01695041 
e-lLé987+41 
017025+1 
el7062+1 
~L17098+1 
e17135+1 
el 7172+ 
el?72C8+1 
el 724441 
el 7280+1 
el7315+1 
017350+1 
0o17365+1 
ol 742041 
01745541 
e17490+] 
e17524+1 
175581 
el 7S92+1L 
o17625+1 
0176591 
o17692+1 
el 7725+1 
el/7758+1 
el779Q0+1 
el 7823+1 
01785541 
el 78B7+1 
1791941 
0179501 
el 7T9E2+1 
e18C13+1 
© 18044+1 
e18075+1 
e18105+1 
e18136+1 
e18166+1 
181961 
el8226+1 
e18256+1 
©18285+1 
elR314+1 
018343+1 
e18372+1 
elL8B40141 
01843041 
o18458+1 
1 8486+1 
01851441 
lL AS54241 
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Isentropic Flow, y = I.10O 


A/A 


oV(1l1T4AF+2 
e 7480342 
77991 +¢2 
082131942 
8479442 
eo f8420+¢2 
0922062 
0961 5&4+2 
-L0028+ 3 
1045944 
~1090943 
e113 7843 
~-L1I868&4+3 
ol2379¢4¢3 
01291343 
ol 347043 
e14052+3 
01466043 
01529443 
© 1595543 
oe 166464 3 
o17368+3 
el 81L21+3 
°18907+3 
el97T2T+3 
2058443 
02147843 
e2241143 
023385+3 
02440243 
02546443 
02657243 
e21729%3 
02893643 
e 3019643 
3151243 
328853 
03431843 
0 3581443 
03737543 
o 39004+ 3 
0407054 3 
04248043 
04433243 
04626543 
482 82+ 3 
5028743 
05258443 
«548 7743 
05127043 
5976643 
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Compressible Flow Functions § for 


+ 
RA = u/u™ 


3241565 
3244551 
3247440 
3.50234 
3252937 
3.255553 
3258084 
3260534 
3262905 
34265201 
3267423 
3269576 
3-71660 
3.273680 
3275636 
3.77532 
3279369 
3.281150 
3.82876 
3284550 
3.86174 
3.87749 
3.89277 
3290760 
3.92199 
4293596 
4.96270 
3.97549 
3.98792 
4.0NQ000 
4.01174 
4.02314 
4.03424 
4.04502 
4.05551 
4.06571 
4207564 
4.08530 
4.094706 
4.10385 
4.18330 
4.24515 
4.29407 
4.33333 
4.36527 
4.39155 
4.41342 
4.43179 
4244731 
4.46068 
4.247214 
4.58258 


TABLE A-! 


T/T° 


© 4444440 
4346940 
04751740 
e41589+0 
4068440 
e 3980140 
o 38941+0 
oe 3810340 
e 37286+0 
e 36490+0 
e 3571440 
e 3495940 
e 3422340 
e 33506+0 
e 32808+0 
e 32129+0 
e 31466+0 
e 30822140 
e 3019340 
2956140 
e289 86+0 
2840540 
02184040 
02128940 
2475240 
© 262304+C 
02912040 
029522440 
o 24 14040 
0 24269+tC 
e23810+0 
o23362+0 
0 22925+0 
e27500+0 
022085+0 
e21680+0 
o21286+0 
02090140 
e20525+0 
e20159+0 
e 19860240 
e16667+0 
0 1418440 
e17195+0 
e 1058240 
092593-1 
e-81633-1 
e (2464-1 
o64725-1 
e9R140—1 
252493-1 
047619-1 
-O00C00 


p/p? 


e 13366-3 
e 104 70-3 
0820 72-4 
0 643717-4 
e 905 36-4 
e 397TC4-4 
e 31222-% 
e245 15-4 
e 19362-4 
e15271-4 
0 12058-4 
©95311-5 
e (5426-5 
099761-5 
0 414&CT—-5 
e 37653-5 
0 29944-5 
0 23844-5 
e19011-5 
e15178-5 
oe 12134-5 
e97131-6 
e (7858-8 
e§624S5-6 
e50231-6 
e40429-6 
e 32585-6 
eo 26259-6 
eo 21254-6 
el72C1-6 
e 13940-6 
eo 11313-6 
e91931-7 
e 148C9-T 
~60958-7 
049740-7 
e40641-7 
o33251=T 
e2l24i-l 
0 22 347-7 
ol8357T-T 
021564-8 
46 765-9 
e88726-10 
e 18632-10 
o42889-11 
e10728-11 
e28929-12 
e 83520-13 
e25656-13 
2 83398-14 
e 28549-14 
e 000CO 


p/pe 


e 30073-3 

e24087-3 

© 19303-3 

2 15479-3 

e 12422-3 

S975 7-4 

e80178-4% 

eo 6449 T=-4 

© 51930-4 

0 41851-4% 

eo 33762-4% 

e21264-4 

e 22040-4 

e 17836-4 

oe 14%450-4% 

ell 720-4 

095162=5 

e (7362-5 

e 62965-5 

e51309-5 

e41861=-5 

e 34195-5 

027967-5 

e22901-5 

eo 1l8716-5 

e 15414-5 

e12669-5 

e10426-5 

e 85909-6 

e/0877T-6 

e58548-6 

0©48424-6 

©40100-6 

e 33249-6 

o21602-6 

0 2294%2-6 

e 19093-6 

e15909-6 

el3272-6 

e11085-6 

e92702-T 

© 16538-7 

« 32970-8 

0 1/2755-9 

el7607-9 

246320-10 
© 13141-10 
- 39922-11 
e1l2904-11 
044128-i2 
e15887-1l2 
59953-13 
«00000 


isentropic Flow, y 


F/F* 


eo 1854241 
1867941 
e-18811+4+1 
01893941 
1906441 
01918441 
e1930141 
01941441 
01952341 
196291 
1973241 
01983241 
-19928+1 
e20022+1 
0201131 
2020141 
02028641 
203691 
02045041 
020528+1 
-20603+1 
e206TT+1 
02D 148+1 
e20818+1 
o2088&5+1 
e20950+1 
e21014+41 
o21075?1 
02113541 
e211G93+1 
2212501 
o213C5+1 
o21359+1 
2141141 
eo21461+1 
e21510+1 
0215581 
o216C5+41 
e21650+1 
02169541 
e21738+41 
e22112+1 
eo 2240441 
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1.50 
1.51 
1.52 
1.53 
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1.55 
1.56 
1.57 
1.58 
1.59 
1.60 
1.61 
1.62 
1.63 
1.64 
1.65 
1.66 
1.67 
1.68 
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1.70 
le7l 
lef2 
1.73 
1.74 
1.75 
1.76 
) ee A 
1.78 
1.79 
1.80 
1.81 
1.82 
1.83 
1.84 
1.85 
1.86 
1.87 
1.88 
1.89 
1.90 
1.91 
1.92 
1.93 
1.94 
1.95 
1.96 
1.97 
1.98 
1.99 
2.00 


um = u/u" 


1.42141 
1.42913 
1.43682 
1644449 
1.45212 
1.45973 
1.46731 
1247486 
1.48238 
1.48988 
1.4973% 
1.50478 
1.51219 
1.51957 
1.52692 
1.53424 
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1.54880 
1.55604 
1.56325 
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1.59180 
1.59887 
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1.61292 
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1.62686 
1.63378 
1.64068 
1.64755 
1.65440 
1.66121 
1.66800 
1.67475 
1.68149 
1.69486 
1.70151 
1.70813 
1.71472 
1.72129 
1.72782 
1.73433 
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1.74/27 
1.75369 
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281633+0 
e 814334+C 
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e81031+0 
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e 7961840 
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e 1676040 
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e 14502+0 
e 142960 
e 1409140 
e 138860 
e 1368140 
oe 1347540 
e 13270+0 
e 1306540 
e 12860+0 
e 1265540 
e 1245140 
e 12246+0 
e (2041+0 
e 71837+0 
e 1163340 
e 1142940 


p/p° 


e 2959 3+0 
e29160+0 
e28732+0 
e283C9+0 
e27890+0 
o21475+0 
e21066+0 
e26660+0 
e26260+0 
oe 25864+0 
e 25472+0 
e25085+0 
e24702+0 
oe 24324+0 
e 23950+0 
02358140 
0 23216+0 
0e22856+0 
eo 22900+0 
02214940 
e21801+0 
e21458+0 
e21120+0 
2078643 
e20456+0 
e20130+0 
e 19808+0 
© 19451+0 
©19178+G 
e 18869+0 
e 18564+0 
e 18263+0 
© 17966+0 
o17674+0 
© 17385+0 
e171 COF0 
« 1681940 
» 1654240 
e 1626940 
e 160C0+0 
oe 15734+0 
e 15473+0 
e 15215+0 
e 14960+0 
e14710+0 
e 14463+0 
© 14219+0 
© 1398646 
o13#43+0 
e 1351040 
~ 13281+0 


for 


p/p 


e 36251+0 
e 35809+0 
e 35370+0 
« 34935+0 
e 3450440 
© 34076+0 
e 33652+0 
e 33232+0 
e 32815+0 
e 32402+0 
e 31993+0 
e31587+0 
e31185+0 
2 3078 7+0 
e 30392+0 
e30001+0 
29614+0 
@29230+0 
e28851+0 
©28474+0 
©28102+0 
0o277133+0 
e27368+0 
e27007+0 
e26649+0 
© 26295+0 
« 25944+0 
©25597+0 
025254+0 
02491 5+0 
e24579+0 
©24246+0 
02 3918+0 
02 3592+0 
e23271+0 
©22953+0 
e22638+0 
0 2232 7+0 
© 22019+0 
e21715+0 
0o21415+0 
e21lli7+0 
« 20824+0 
e20533+0 
2 20246+0 
1996240 
© 19682+0 
1940540 
21913140 
e18861+0 
e18593+0 


ee eo ee OF Ee ae es eee 8 


F/E* 


el10625+1 
1064441 
0 10664+1 
-10684e41 
elLOTO4+41 
elC724+1 
01074441 
1076441 
elOT85+1 
1080541 
e10826+1 
eLO847+1 
elLO867+1 
e10888+1 
e10909+1 
- 1093041 
01095141 
elLO09T2+1 
e10993+1 
01101541 
e11036+41 
e11057+1 
eL1107941 
1110041 
el11122+1 
01114341 
e11165+1 
elL186+1 
ell20841 
01122941 
el11251+42 
ell273+4+1 
e11294+1 
01131641 
e11338+1 
e1135941 
e11381+41 
e114C3+1 
011424+1 
01144641 
011468+1 
e1149C+1 
eo} 151141 
1153341 
e1155541 
el1576+1 
e11598+41 
eL1620+1 
ol11641l+41 
-11663+1 
o11684+1 
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Isentropic Flow, y = 1.20 


A/A” 


01205041 
e12133+¢1 
1221841 
© 1230441 
0123931 
01248341 
01257541 
01266941 
e12764+1 
e12862+1 
01296241 
© 130631 
e13167+1 
e13273+¢1 
© 13280+1 
1349041 
e13601+¢1 
01371541 
e13831+¢1 
01394941 
e14070+1 
01419241 
0i 431741 
01444441 
0145 73+1 
el4704+1 
e14838+1 
01497441 
eL5113+¢1 
1525441 
015398+2 
01554441 
156921 
o15843+1 
01599741 
01615341 
216312+1 
eo 16473+1 
1663841 
1680541 
1697541 
elL7LSe@4+1 
el 7323+) 
o1750241 
e17683+1 
ol 7868+1 
e18055¢1 
01824641 
21844041 
o18637+1 
el8837+3 
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TABLE A-i 


Compressible Flow Functions for Isentropic Flow, y # 1.20 


I aewwwrpo ee 


| i MoM eu" = T/T° p/p° p/po F/F* A/A” 
<P 2-00 1.77281 © 71429+0 o13281+0 1859340 01168441 o 1883741 
2202 1.78542 ©71021+0 © 12832+0 - 1806940 01172841 01924741 
2204 1.79792 © 70614+0 2 123S7+0 ~ 1755740 ell771+¢1 21967141 
2206 1.81031 - 7020740 e11975+0 2 17057+0 01181441 e 2010941 
2.08 1.82260 06980140 .11566+0 e 1657040 1185641 e20560+1 
2.10 1.83478 0693964+0- 1116940 - 1609540 o 1189941 e 2102741 
2012 1284685 °68992+6 0 10784+0 - 1563140 0 11942+1 o21508+1 
2-14 1.85882 -68589+0 ©10412+0 ~15180+0 01198441 e 22005+1 
2.16 1287068 © 68187+0 ~10051+0 2 1474040 2120264) ° 2251841 
2-18 1.88244 067786+0 ©97012-1 © 1431240 21206841 ° 2304841 
2220 168941C °67385+0 093626-1 - 1389440 01211041 0 2359441 
2222 1.90565 ©66986+0 ©90349-1 « 13488+0 01215241 02415841 
2024 1.91710 06658940 o87176-1 « 1309240 01219441 ° 2474041 
r 226 1.92844 «66192+0 ~84106-1 ~12706+0 2 12235+1 e 2534041 
r 2228 1293969 06579640 081136-1 e12331+0 01227641 © 2595941 
i 2.30 1.95083 26540240 £.78263-1 01196640 .12317+1 ° 2659841 
: . 2032 1.96188 -65009+0 0 75484-1 o11611+40 e 1235841 2725741 
F 2034 1097282 26461840 .72797-1 61126640 61239941 22793741 
z ee 2.36 1.98367 264228+0 e702C0-1 - 1093040 0 12439+1 ° 286391 
| 2.38 1299442 06 3839+0 067689-1 - 1060340 01247941 ° 29362 +1 
. 2240 2200507 06345240 °65263-1 e 10285+0 01251941 e 3010841 
2242 2.01562 26306640 2629181 997651 oe 1255941 «30878+1 
_ 2044 32002608 «=. 0 0268240 )3=- n 0653-1) )=—- 0. 96 763-1) 2=— so 1259841 39. 31 6 721 
; 246 2203644 06229940 0 58464-1 °93845-1 o12637+1 2 3249041 
é 2-48 2204671 26191840 256351-1 e91009-1 01267641 o 333351 
2.50 2205688 26153840 .54310-1 .88254-1 .12715#l .34205+1 
: 2-52 2206696 26116140 052340-1 °85577-1 201275441 © 351031 
} | 2254 2207695 26078440 ©50437-1 2° 829781 012792+] e 3602941 
t -_— 2256 2.08684 26041040 e48601-1 e 80452-1 « 128301 « 36983+) 
: 2258 2209665 «6003740 ©46829-1 - 78000-1 2 12868+1 o37968+1 
‘ 2-60 2210636 25966640 045119-1 ° 75619-1 2 12906+1 e 389831 
' 2062 2611598 .5929740 .43469-1 .73307-1 21294341 4002941 
. 2264 2212552 25892940 418771 e 71063-1 e12980+) 24110841 
2.66 2213496 258563+0 040341-1 ° 68884-1 o 1301741 04222141 
F 2268 2214432 05819940 ° 38860-1 e66770-1 o13053+1 04336841 
' 2.70 2-15359 057837+0 0 37431-1 064718-1 - 130904] 04455041 
: 2.72 2016277 05747740 - 36053-1 062727T-1 01312641 045 1694) 
' 2074 217187 -57118+0 o 34725-1 -60795-1 o13162+¢), «4702641 
: 2276 2.18088 05676140 © 33444-1 © 58921-1 eo l3197+1 °48321+1 
: 2078 2.18981 © 5640740 °32210-1 °57102-1 01323241 04965741 
2.80 2619865 .56054640 .31019-1 .55338-1 .13267+#1 .5103341 
; 2.82 2020742 ©55703+0 ~29872-1 © 53628-1 © 1330241 05245241 
. 2.84 2.21609 .5535440 28767-1 0519681 01333741 053915+1 
2-86 2222469 255007+0 o277Cl1-2 °50359-1 013371+1 0554231 
: 2-88 2023321 25466240 © 26674-1 0 48799-1 0 134C5+1 o569TTH1 
f 2-90 2.224165 05431840 0 25685-1 o47286-1 2 134394) 258578+) 
2.92 2.25001 05397740 0 24732-1 045819-1 01347241 06022941 
| 2294 2.25828 © 5363840 223813-1 044397-1 0135054) 06193141 
2-96 2.26649 © 53300+0 0 22929-1 °43018-1 01353841 06368441 
2.98 222746) © 52965+0 0 22077T-1 041682-1 1357141 o6549iei : 
: : 3.00 2.28266 © 526 32+0 © 21256-1 ~40386-1 01360441 06735441 
A-127 
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3eC0 
3-C2 
3-C4 
3006 
3-08 
3010 
3e12 
3el’ 
Ze. 

3.18 
3-20 
3222 
3024 
3226 
3028 
3230 
3232 
40 34 
3.36 
3.238 
3440 
3242 
3244 
3246 
3-48 
3-50 
3652 
3254 
3656 
3.58 
3.60 
3-62 
3264 
3.66 
3.68 
4.70 
372 
3.74 
3.76 
3278 
3.80 
4.82 
3.84% 
3286 
3.88 
3.90 
4-92 
3294 
3.96 
3.98 
4.00 
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Compressible Flow Functions for 


M* = u/u* 


2.28266 
2229063 
2229852 
2.30635 
2.31409 
?.32)77 
2.32937 
2.33690 
2. 34436 
2.35175 
2.35907 
2.36632 
2.37350 
2.38062 
2238766 
2239464 
2.40156 
2240841 
2241519 
2242191 
2042857 
2 517 
2.4170 
2244817 
2246093 
2046722 
2247345 
2247962 
2048574 
249180 
2249780 
2250374 
2250963 
2251547 
2252125 
2252697 
2253265 
2253827 
2 054383 
2254935 
2255481 
2256023 
2256559 
2257090 
2257617 
2-58139 
2.58655 
2259167 
2.59675 
260177 
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T/T? 


© 572632+0 
e 52? 300+0 
51971 +0 
e 51643+0 
e 5131840 
© 50994+0 
e 50673+0 
© 5035440 
e 50036+0 
°©49721+0 
e 49407+0 
e 49096+0 
e48786+0 
© 484 719+0 
481 7340 
e4/7870+0 
#©471568+4C 
47286940 
© 46971 +0 
©4466 7640 
e 4638240 
«46091 +0 
¢ 45801 +0 
© 45513+0 
©45228+0 
© 4494440 
= 4466240 
044382+0 
© 4410440 
©434828+0 
04465440 
©43282+0 
©44012+0 
042743¢0 
4247740 
4221240 
4194940 
©41688+0 
© 41429+0 
e41172+0 
e40917+0 
©40663+0 
4041140 
©40161+0 
© 39913+¢C 
© 39667+4«C 
39462240 
e 3917940 
e389 38+0 
e 38699+0 
© 38462+0 





TABLE A-} 


p/p° 


0©21256-)} 
© 20465-1 
©19704-1 
e18971-1 
e18265-] 
e17585—)] 
« 16930—1 
«163C00-1 
«156S$3-] 
e151Cc8=} 
0 14546—)] 
e14004-1 
e13483-2 
21298l-) 
12498) 
o12033-) 
@11585-) 
0©o11154—] 
© 10740-) 
0 10341-) 
« 99566-2 
e 95869-2 
e 923102 
e 888 86-2 
e 85590-2 
e 82418—2 
© 19365=—2 
e 16428—2 
e 13600-2 
e 10879—2 
© 6826]1=—2 
©65741-2 
e63315-2 
e6098]-2 
© 587 35—2 
e 565 73-2 
e 94493-2 
© 5249)—2 
© 50564-2 
«48709-—2 
© 469 24-2 
e452 06-2 
© 43553—2 
4196)]-2 
©40429-2 
e 38955-2 
03/5 36-2 
e 361 70-2 
© 34855-2 
© 33590-2 
© 32371-2 


p/p 


e40386-1 
© 391431-]1 
e37914-1 
° 36734-1 
© 3559)]l-] 
© 14448B4-) 
e 33410-] 
e32370-] 
e 31363-) 
e 30387-) 
0 2944)-] 
© 28524-] 
©21637=-] 
e267TT7-1 
eo 25944-) 
0251371 
e 24355-1 
°23598-1 
e22865-1 
022154-1 
e 21466-)1 
e 20800-1 
e20155-1 
© 19530-1 
© 18924-] 
e 18338-1 
©l17770-1 
el7220-1 
e 16688-~] 
© 16172-] 
e 15673-) 
e15189—] 
0 14721-1 
© 14267-)1 
e 13828~1 
eo 13402-1 
el 2990-!1 
e12591-)1 
012205-1 
e11831-] 
© 11468=-1 
ellll7—-] 
olO7T77-1 
© 10448: } 
e10129- i 
e 98206-2 
© 95216-2 
e92319~2 
e 89514-2 
e 86797-2 
©84166-2 


Isentropic Flow, y = 


&/p* 


01 3604+1 
01 363641 
01 3668+) 
0o13700+1 
013731+1 
01376241 
0137934] 
013824+]1 
0138554] 
e13885+1 
01391] 5+) 
0139465+1 
0 13974+1 
© l14003+¢1 
©14032+1 
el4061+1 
1409041 
el4118+4l1 
01414641 
el 417441 
el 420241 
01422941 
014256+1 
01428341 
1431041 
01433641 


0143634] 


014389] 
© 144] 54} 
© 14440+1 
© 14466+) 
0 14491¢) 
e14516+) 
0145404] 
01456541 
0145894) 
«= l4614+4) 
© 14637+1 
14661 +] 
eo 146854! 
147084] 
o1l473L +4) 
0 147544) 
01477741 
0 147994] 
© 148224) 
148444] 
148664I 
© 14888+} 
149094} 
© 14931 +4] 
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A/A™ 


06 135441 
069, 7341 
e71251¢)] 
07328941 
« 7539G¢1 
0775544] 
7978441 
e82082+1 
8444941 
868891 
8 9402+} 
9199141 
0946594} 
09 1407+) 
©10024+2 
©10315+2 
e10616+2 
e10925+2 
01124442 
e11572+2 
e11910+2 
e12259+2 
1261 7+2 
e12987+2 
013367+2 
el 375942 
e14162+2 
01 4578+2 
©15006#+2 
e15446+2 
ei 589942 
el 6366+2 
©1684 7+2 
017342+2 
e17851+2 
©18376+2 
© 18916+2 
°©19471+2 
«2004342 
e20632+> 
e21238+2 
e21862+2 
02250342 
2316442 
@23843+2 
0 24543+2 
22526242 
©26003+2 
026 165+2 
02754942 
028 355+2 
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TABLE A-l 
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Compressible Flow Functions § for 


Isentropic Flow, y 2 1.20 


“ Mo Meus = T/T® p/p? p/po F/F* Asa” 
“> 
4.00 2260177 « 38462+0 ° 32371-2 - 84166-2 0 14931L+1 «© 28355+2 
4.02 2260675 e 38226+0 © 31199-2 e 81617-2 21495241 02918542 
4.04 2261169 ° 3799240 « 300 70-2 - 79148-2 0 1497341 e 30038+2 
4.06 2261658 © 3775940 2° 28983-2 o (6757=—2 2 1499441 °30916+2 
4.08 2262142 ° 3752940 ° 279 36-2 ° 14441=2 01501441 © 3181942 
4.10 2062622 e 3730040 © 26929-2 © 72197-2 © 15035+} 03274842 
4.12 2263098 « 37072+0 © 25959-2 2 70023-2 e 1505541 ° 3370442 
4.14 2263569 « 36847+0 © 25025-2 e 67918-2 2° 15075+1 © 3468642 
4.16 2264036 ° 36623+0 ° 24126-2 e 65878=-2 «1509541 © 3569742 
4.18 2 264499 e 36400+0 © 23261-2 ° 63903-2 01511541 © 36736+2 
4.220 2264958 2 3617940 0 22427-2 °61989-2 0 15135+1 °37805+2 
4.22 2265412 2 3596040 e21625-2 © 60134-2 0 1515441 0 38904+2 
4.24 2265862 2 3574340 e 20852—2 ~ 54 338-2 01517441 © 40034+2 
4226 2266309 e 35527+0 «201C7-2 « 56597T-2 o 1519341 04119642 
4.228 22-6675] e 3531370 e19391-2 o54911-2 elS21l2t+l 04239142 
pa 4.30 2267189 e 3510040 e187C00-2 0 532TT-2 e15231+1 04361942 
4.32 2267623 - 34889+0 e 18035-2 © 51694-2 01524941 044882+2 
oe 4034 2268053 «3467940 ~17395-2 °50160-2 o15268+1 04618042 
436 2 268480 ° 3447140 o16778-2 © 486714-2 o15286+1 04751542 
4.38 2268903 o 3426540 -16184-2 047233-2 §=.15305+1 ©48887+2 
ee 4.40 2269321 «3406040 e 15612-2 o 45 838-2 0153231 050297+2 
4042 2269736 e 33857+0 e15061-2 0 44485-2 01534041 05174742 
=? 4044 3920 70148) 2) 3365540 3=—6 14 530-2 2 43174-2 01535841 © 53236+2 
4.46 2.70556 o 3345440 - 140192 @41904-2 0 15376+1 © 54768+2 
4.48 2.70960 « 3325540 - 13526-2 °40673=-2 01539341 05634142 
4.50 2271360 « 33058+0 e13051-2 ° 39480-2 1541141 05795842 
wae 4.52 2.71757 ° 3286240 © 12594-2 2 38323-2 0 1542841 © 59620+2 
4.54 2.72150 o 32667+0 e12153-2 ° 37203-2 3 1544541 061328+2 
ae 4.56 2.72540 « 3247440 o11728-2 © 36116-2 01546241 06308242 
4.58 2272927 ° 32283+0 e11319-2 2 35063-2 01547841 © 6488542 
4.60 273310 e 3209240 e 10925-2 0 34042-2 0154951 0667 37T+2 
4.62 2273690 e 31904+0 2 10545-2 © 33052-2 1551141 © 68640+2 
426% 2274066 e 3171640 e10179-2 2 32093-2 o15528+1 © 70595+2 
4.66 2274439 © 3153040 °98257-3 © 31163-2 01554441 07260342 
4268 2274809 ~ 3134640 ©94856-3 °30261-2 015560+1 .2.74666+2 
4.70 2075175 e 31162+40 ©91577-3 °29387-2 015576+1 © 7678442 
4e/2 2-15538 e 3098140 288416-3 e28539-2 01559241 e18961+2 
4.74 2.75899 2 30800+0 © 85369-3 e2771 7-2 21560741 08119642 
4.76 2276256 «3062140 082432-3 °26920-2 01562341 «8349242 
4.78 2.76609 2 3044340 -79601-3 °26148-2 01563841 © 8585042 
4-80 2.76960 © 30266+0 ° 76871-3 °25398-2 01565341 08827142 
4.82 2.77304 230091+0 ° 74239-3 ©2467 1-2 01566841 09075742 
484 2077653 ©29917+40 e71701-3 023967-2 01568341 09331042 
4-86 2.77995 02974540 069254-3 023283-2 3 15698+1 09593142 
4.88 2.78333 295 73+0 ° 66895-3 °22620-2 ol15713¢41 © 9862342 
. 4.290 2.78669 0 29403+0 °64619-3 021977-2 01572841 ~ 1013943 
a 4292 2.79002 °29234+0 ©62425-3 021353-2 01574241 010422+3 
4.94 2.79332 °29067T+0 060359-3 © 20748-2 elS757+1 © 10714+3 
4.96 2.79660 e28900+0 °58267-3 ©20161-2 elL577141 01101243 
4.98 2.79984 © 28735+0 056299-4 019592-2 1578541 01131943 
= 5-00 2280306 ©28571+0 °54399-3 ~19040-2 01579941 01163443 
oe » 
A-129 
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5200 
5.10 
5220 
5.30 
5240 
5.50 
5.60 
5.7C 
9280 
5.90 
6.00 
6.10 
6.220 
6.30 
6.40 
6.50 
6.60 
6.70 
6.80 
6.50 
7,00 
7.10 
7.20 
T7230 
7240 
7.50 
7260 
7.70 
7280 
7.90 
8.00 
8.10 
8.20 
8.30 
8.40 
€ 210 
8.50 
8.70 
8.89 
8.90 
9.00 
10.00 
11.00 
12.00 
13.00 
14.00 
15.00 
16.00 
17-00 
18.00 
19.00 
20.00 
INFIN 


A-130 


+t 
M 


2 «80306 
2.81874 
2.83377 
2.84817 
286199 
2.87525 
2.88798 
2290020 
2291194 
2292322 
2293406 
2294448 
2.95451 
2.96416 
2.97346 
2298240 
2.99102 
2.99933 
3200734 
3201506 
3202251 
3.02970 
3.03665 
3.04335 
3.04982 
3.05608 
3.06213 
3206797 
3207363 
3.07910 
3.08440 
3.08952 
3209449 
3.09930 
3210396 
3.10847 
3211285 
3011710 
3212122 
3212521 
3212909 
9.16228 
3.18752 
3620713 
3022265 
3223512 
4224529 
3225368 
3226069 
3226660 
3.27162 
4027593 
3231662 


= u/u | 


TABLE A-l 


Compressible Flow Functions for Isentropic Flow, y = 1.20 


T/T" 


e28571+0 
e2777T0+0 
e26998+0 
«§ 26254+0 
e255 36+0 
e24845+0 
e24178+0 
e 23535+0 
»22915+0 
e22316+0 
0217394C 
e21182+0 
e20644+0 
e20125+0 
©19023+0 
¢ 19139+0 
© 18671+0 
e18218+0 
~17781+0 
~17358+0 
e 16949+0 
© 16554+0 
21617140 
- 15800+0 
© 15442+0 
e15094+0 
0 14758+06 
© 14432+0 
©014116+90 
1381040 
1351440 
©13226+0 
e12947+0 
e12676+0 
01241340 
e12158+0 
e11910+¢0 
e©11670+0 
e11436+0 
~11210+0 
-10989+0 
©-90909-1 
e (6336-1 
©64935-1 
o535966-1 
e48544-] 
042553-1 
0 31594-1 
0 33445-1 
e29940-1 
026954-—1 
o24390-1 
00000 


p/p° 


e54359-3 
of" “*63—3 
e. (24-3 
0 32744-3 
e21730-3 
023518-3 
e19977-3 
e 16993-3 
e144 76-3 
012352-3 
- 10555-3 
© 90323-4 
e /T4CT—4 
e664 34-4 
e391099-4% 
e49146-4 
e42360-'% 
e 36563--% 
e 316C3--4 
72135%4--4 
eZ2ATCB8-4 
«205715-4 
2©17881-4% 
e 15559-4 
2 13557-4% 
e11827-4 
® 103 31--4% 
©90361-5 
© 79128-5 
©69376-5 
e60899-5 
oe 53521-5 
e41092—5 
o41483-5 
e 36584-5 
e 32299-5 
eo 28548—-5 
025259-5 
0 22374-5 
© 19839-5 
e17610-5 
e 56448-6 
~19787-6 
e (4968-7 
0304CI-7 
e13086-7 
e59374-8 
e28230-8 
e13995-8 
e 12032-9 
e 38349-9 
e21052-9 
eO000CO0 


p/p 


© 19040-2 
e16515-2 
e 14343-2 
0 12472-2 
e 10859=-2 
©94661-3 
e82623-3 
e 122053 
e63180-3 
55 351-3 
e48553-3 
e42642-3 
© 371496=3 
e 33011-3 
a29097=-3 
o25619-3 
e22688-3 
e20069-3 
¥171714-3 
oe 15 758-'3 
e13988-3 
e12430-3 
e11057-3 
©98415-4 
©87795—-4 
e (8356-4 
e [0006-4 
e62611-4% 
e 56054-4 
e50235-4 
e45065-4 
e 4046 7-4 
© 36314-4 
0 32726-4 
oe 29412-4 
« 26566—-4 
o23968-4 
o21645-4 
e 19564-4% 
e 17698-4 
e 16025-4 
e62092-5 
© 25921-5 
© 11545—5 
© 54417-6 
© 26957-6 
e13953-6 
© (5092-7 
041845-7 
e24059-7 
0 14228-T 
e 86314-8 
- 00000 


F/F* 


15799] 
e15868+1 
e 1593341 
- 15996+1 
016057+1 
elbo115+]1 
elé171+])] 
- 16225+1 
el6277+1 
el6327T+) 
0 16374+])] 
© 16421+1 
e 1646541 
21650841 
165494] 
- 165891 
1662741 
eo 16664+] 
166991] 
© 16734+1 
el6767+41 
oe 1679941 
e 16830] 
- 1686041 
eo 16889+1 
el691641 
e 169434} 
eo 1l697TO41 
e 169951 
e170194] 
01704341 
ol17066+1 
1708841 
el71LLO+l 
01713141 
ell@1l51l+41 
el7T1L71+1 
1719041 
el T2081 
01722641 
o172431 
01739341 
1750641 
1759541 
1766541 
el7lT72l1+l 
ol7767+1 
178051 
oi 783741 
1786441 
e17886+1 
1790641 
~18091+1 


A/A 


01163443 
013338+3 
o15277+3 
01747943 
1997943 
022813+3 
2602243 
02965143 
e 3375043 
e38375+3 
043587+3 
«494533 
560493 
«6345743 
o11766+4+3 
e8107T7+3 
09149943 
010315+4% 
ol11617+4 
oe 1306944 
oe 1468 7+4 
«16488+4 
oe 1849244 
e20718+4% 
02319044 
02593044 
02896544 
o 3232544 
oe 3603944 
040142 +4 
044671°4 
@=49664+4 
55 164+4 
eo61218+4 
o678Th+4 
e 1519144 
083222+4 
092031] +4 
1016945 
e11l226+5 
012383+5 
e 31623+5 
eo 75151+5 
el&7TTO+6 
e 35407+6 
e 1120046 
e1l37137 
0 254144+T 
04550747 
e 19008+7 
e13340+8 
02195948 
INFIN 
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TABLE A-! 


Compressible Flow Functions for Isentropic Flow, y = 1.30 
* 


M M* = u/u™ T/T° p/p? p/p0 F/F* A/A- 

0.00 0.CO000 .10000+1 -100C0+1 -10000+1 INFIN INFEIN 
0.01 0.01072 «9999940 .99994+0 .99995+0 .466314¢2 .58526+2 

0.02 0402145 ©9999440 39997440 .99980+0 .233244+2 .29268+2 
0.03 0.03217 #9998740 09994240 .99955+0 015559+#2 21951842 
0.04 0.04289 29997640 29986640 .99920*C 1167942 11464442 
0.05 0.05361 «9996340 49983840 .99875+0 .93536+1 o11721+2 
0006 0.06433 -9994640 °499766+0 .99820+0 .78051+1 o97TT4041 
0.07 0.07504 .99927+0 -99682+9 29975540 .67007+1 .83840+1 
0.08 0698575 .99904+0 .995854+0 .99661+0 .58738+1L .73423+1 
0.09 0033646 29987940 9947540 9959640 .52320+1 6532942 
Gel0 0.10716 #9985040 9935 3+0 ©99502+0 04719641 -58860+1 
Oell 0.211785 «9981940 29921740 .99397+0 .43014+1 .53574+1 
0.12 0612855 29978440 29906940 .99283+0 .39539+1 .49174+1 
0.13 06613923 e99747+0 29890940 .99160#0 .36607+1 .45457+1 2 
0.14 0414991 .99707+0 69873640 .99026+0 23410241 24227541 
Oe15 0616059 69966440 29855140 .98883+0 .3193941 .39522+1 
0.16 0617125 299617+#C 698353+0 9873140 .30053+1 3711841 , 
O.17 £02618191 .99568+0 9814340 «98568+0 .28396+1 .35001+1 
Cel8 0619256 69951640 .97921+0 -98397+0 202692941 .33123+1 
0.19 620320 29946140 29768740 .98216+0 .25622+1 43144643 
00.20 = 06 21384 39. 994 044C 3— so. 9744140 =. . 98026402) 6. 24452¢1 02994041 | 
0.2) 0022446 09934340 29718340 .97826+0 .23358+1 .28581+1 7 
0.22 0.23507 09927940 69691440 =e STOLBtO 3=— 0 2244541 02734941 | 
0.23 04624567 «99213+C -96633+0 29740040 .21580+L 22622741 3 
0024 0625627 69914340 69634140 9717340 242079241 42520241 
0225 04626685 99071+0 69603740 0 9693740 3 3=—«. o- 2007241 02s 0. 242621 
0.26 0627742 .98996+0 .95722+0 3 3=—s_-.: 9669340) 8=— -: HI H1L = «=—s o. 2.33 9641 
0.27 0.28797 ©98918+0 09539T+0 0 9644C+#0 ~18803+1 02259841 | 
0.28 0.29852 2 98838+0 -95060+0 -96178+0 01824241 2185941 
0.29 0630905 29875440 .94713+0 .9590740 21772441 2117441 , 
0.30 0231956 298668+0 .94355+0 .95629+0 61724441 22053741 
0.31 0.33007 69857940 29398640 .95341+0 .16799+1 .19943+41 | 
0.32 0634056 .98487+0 .936C8+0 49504640 .16385+1 .19389+1 a 
0.33 0635103 «9839340 .9322U+O0 .94742+0 .1599941 .18871+1 
0.34 0236149 .98296+40 .92821+0 .94431+0 .1563941 183851 
0.35 037193 69819640 69241340 = 9411140 =o 1530341 =o. 1 790 1. 
0.46 0.38236 29809340 29199540 .9378440 .14989+1 .17502+1 : 
0037 0039277 09798840 29156840 9344940 .14694+1 .17099+1 | 
0.38 0640316 697880#0 .91132+40 .93106+0 614418+1 1671941 
0.39 0041354 69776940 .906874+0 .92756+0 21415841 21636141 
O240 0042390 =. 976564G =. 9.023340 = 9239940 = 1391541 = 1602341 
O.41 0043424 «=o. 9754140 = BITT140 = 9203440 1368641 =o 1570441 | 
0042 0444456 -97422+0 89300+0 .91663+0 .13470+1 ~15401 41 | 
0043 00 45486 =e. PT30140 =. 8BBZ21*#O 8 8=— aw 91 28440 2326741 =n: 151151 ) 
0644 0046514 29717840 28833440 .90899*0 21307541 .14843+1 | 
0.45 0247540 29705240 28783940 .90507+0 .1289441 61458641 | 
0.46 0048565 =. 9692440 =. «« 8733640) 8=— «0 FOL 0940 02—o. 1 272441 0 1434241 | 
0647 0649587 29679340 28682740 28970440 21256341 = 1410941 : 
0.48 0250607 £.96659+0 .86310+0 .89292+0 41241041 -13888+1 

0049 0651625 09652440 «8578540 .888754+0 .12266+1 2 1367841 

0.50 0252641 -9638640 48525540 .88452+0 2121301 01347941 
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0.50 
0.51 
0.52 
0.53 
0.54 
0.55 
0.56 
0.57 
0.58 
0.59 
0.60 
0.61 
0262 
0.03 
0.6% 
0.65 
0.66 
0.67 
0.68 
0.69 
0.7/0 
0.7] 
O.-f2 
0.73 
0.1% 
0.75 
0.76 
0.77 
O78 
0.79 
0.80 
C.81 
0.82 
0.83 
0.8% 
0.85 
O86 
0.87 


0.88 


O.89 
0.90 
0.91 
0.92 
0.93 
0.94 
0.95 
0.96 
0.97 
Q.98 
0.99 
1.C0 


A-132 


+ 
Fei = u/u™ 


0.52641 
0.53655 
0.54666 
0.55675 
0.56682 
0.57687 
0.58689 
0.59689 
0.60686 
0.61681 
0262673 
0.63663 
0.64650 
0.65634 
0.66616 
0.67596 
0.68572 
0.69546 
0.70517 
0.71486 
0.72451 
0.73414 
0274374 
0.75331 
0.76285 
0.77236 
0.78184 
0.79130 
0280072 
0.81011 
0.81947 
0.82880 
0.83810 
0.84737 
0.85661 
0.86581 
0.87499 
0.88413 
0.89324 
0.90232 
0.91136 
0.92038 
0292936 
0.93830 
0.94722 
0.95610 
0.96495 
0.97376 
0.98254 
0.99129 
1.00000 


TABLE 


Compressible Flow Functions for isentropic Flow, y = 1.30 


T/T° 


©96386+0 
©96245+0 
©96i02+0 
©95957+0 
958090 
9565940 
29550740 
©95353+0 
9519640 
-95038+0 
9487740 
09471440 
09454840 
09438140 
09421240 
© 94040+0 
09386 7¢0 
09369140 
09 3514+0 
©93335+0 
©93153+0 
o9729TOt0 
09278540 
092598+0 
09240940 
9221940 
09202 Tt+0 
-91833+0 
29163 7+O 
o91440+0 
9124140 
-91040+0 
©90838+0 
©90634+t0 
9042940 
eFJO222tC 
e9CO1L4+0 
8980440 
289593+0 
e89380+0 


0891464640. 


08873440 
e88516+0 
o88297+t0 
-88077+0 
287855+#0 
o87632+C 
o87408+0 
©87183+0 
8695 7+0 


p/p? 


«85255+0 
e84717+0 
e84174+0 
eo 83624+0 
e83068+0 
e825C6+0 
e819 39+0 
©81367%+0 
e 8C71S90+0 
e80207T+0 
e 1/9620+0 
e 19029+0 
e 18433+0 
o17834+0 
e17230+0 
e 16623+0 
e76012+0 
«15359940 
e14782+0 
o 14162+0 
e 13540+0 
e/2916+0 
e/2289+0 
e 11660+0 
e7102S9+0 
e 10397+0 
©69764+0 
©69129+0 
©68493+0 
e67&56+0 
e67218+0 
e66580+0 
©65942+0 
»65303+0 
0646E5+0 
e64026+0 
063388+0 
062750+0 
e62113+0 
e61477T+0 
©60842+0 
e60208+0 
°59575+0 
5894 3+0 
©5831 3+0 
5 7685+0 
©57058+0 
364 3440 
055811+0 
259519140 
2 54573+0 


A-| 


p/p? 


e 88452+0 
e 8802340 
81758840 
8114740 
e 8670140 
e 86250+0 
8579440 
e 85332+G 
e 84866+0 
e 84395+0 
«8392040 
e 8344040 
e 82956+0 
3246740 
o81IOTS+0 
- 8147940 
- 3097940 
e 80476+0 
e 1996940 
e 1945940 
e 18945+0 
e (8429+0 
eo 7791040 
- (7388+0 
e 16864+0 
e 16337+0 
e 15808+0 
oe (527T+0 
e 1474340 
e 14208+0 
e 1367140 
e 73133+0 
e 7259340 
e £2051+0 
e 1150940 
- 10965+0 
e 704200 
e698 75+0 
© 69329+0 
68 782+0 
e682 3440 
~-671687+0 
067139+0 
6659040 
«66042+0 
© 6549440 
e64946+0 
© 6439940 
°-63851+0 
e63305+0 
052715940 


F/F* 


ol2130+41 
elL2002+1 
eLlLARO+F1 
011 764+1 
2116551 
ell 55241 
01145441 
e11361+¢1 
ell273+1 
el11l190+1 
ellll2+l 
1103741 
«1096641 
el09C0¢] 
e 1083641 
elOTTT+1 
eldQ720+1 
lN667+1 
21061641 
oe 1056941 
© Ll0524+1 
el10481+4!1 
01044141 
0 10404+1 
103691 
103351 
219030441 
el0275+4+1 
el024841 
el0223+1 
1019941 
elCl77+1 
e10156+1 
elOlL37+4l 
elO120+1 
el1010441 
el0089t1 
e100 76+#1 
100641 
e 1005341 
1004341 
21003441 
~10027+1 
e 100201 
© 1001541 
elLOO01LOe1 
- 1000641 
e 1L0004+1} 
e l1O00C2Z+1 
- 100001 
e 100001 


A/A- 


0 13479+1 
e13288+1) 
01310741 
© 12935+1 
el2770+1 
1261441 
0 1246441 
0 12322+1 
o12186+1 
0120561 
© 1193241 
0 11814+1 
e11l702+1) 
e©11595+1 
0114924! 
© i1395+1 
e11302+¢1 
ell213+¢1 
elll 2941 
© 110494] 
e LO97T2+1 
e 1090041 
- 10831 +1 
e 1076541 
2 10703+1) 
© 10644+]) 
e 105891 
e 105364] 
eo 10486+!) 
© 104394] 
© 1039541 
© 10354+1 
© 1031541 
e 1027941 
© 10245+1 
© 1021441) 
© 10185+1 
© 1015941) 
01013441 
elOl12+1 
e 1009241 
elL00T4 +1 
-10058+1 
e 1004441 
e lL 0032+) 
© l10022+1 
2100141 
e 10008 +1 
e LUOOG+1 
© 10001 +1 
- 100001 
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1-C0 
1.0L 
1.02 
1-03 
1-04 
1-05 
1.206 
1.07 
1-08 
1.09 
1-10 
lell 
lel2 
1.13 
401% 
1.15 
1216 
Lel7 
1.18 
1-19 
1.20 
Le2l 
Lle22 
1.23 
1.24 
1.25 
1.26 
L.27 
1.28 
1.29 
1.30 
1.31 
1.32 
1.33 
1.34 
1.35 
1.36 
1.37 
1.38 
1.39 
1.40 
1.41 
1.42 
1.43 
1.44 
1.45 
1.246 
1.47 
1.48 
1.49 
1.50 


Compressible Flow Functions for isentropic Flow, y = 1.30 


% 
M = u/u* 


1.00000 
1.00868 
1.01732 
1.02593 
1.03451 
1204305 
1.05156 
1.06003 
1.06847 
1.07687 
1.08524 
1.09357 
1.10187 
1.11013 
1211836 
1.12655 
1.13471 
1.14283 
1215091 
1.15896 
1.16698 
1.17496 
1218290 
1.19081 
1.19868 
1.20652 
1.21432 
1.22209 
1.22982 
1.23751 
1e24517 
1.25280 
1.26038 
1.26794 
1.27545 
1.28293 
1.29038 
1.29779 
1.30516 
1.31250 
1.31980 
Lle32707 
1.3343C 
1-34150 
1.34866 
1.35579 
1.36288 
1. 36994 
1.37696 
1238394 
1.39089 


s- — O™ & 0 oe ~~ as 8 * We 


1 ap ia 


e 86957+0 
e 8672940 
» 8650140 
e 86271+0 
e 8604140 
e 85809+0 
- 3537740 
e 8534440 
e 8510940 


© 84874+0 | 


e 84638+0 
»84401+0 
oe 84164+0 
oe 835625+0 
oe 83686+C 
« 83446+0 
e 83206+0 
e82964+0 
082 123+0 
8245040 
e82237+0 
e81993+0 
@ 8174940 
© 81504+0 
e81259+0 
e81013+0 
e80766+0 
«e80520+0 
e80272+0 
e80025+0 
e/9T7TT+0 
« 19528+0 
e 19280+0 
e 79030+0 
© 1878140 
© 1853140 
e 78282+0 
e /8031+0 
e717781+0 
e17531+0 
e17280+0 
e77029+0 
e16778+0 
e652 7+0 
e76275+0 
e16024+0 
e157734C 
e15521+#0 
e15269t0 
e75018+0 
7476640 


») 


p/p° 


e54573+0 
e53957+0 
e 53344+0 
052173340 
@52126+0 
©51521+0 
25091940 
«290320+0 
049 7124+0 
e491 32+0 
©48542+0 
©47957+0 
04737440 
046 7155+0 
©46220+0 
245649+0 
© 45081+0 
044518+0 
e 43958+0 
0©434C2+0 
e42850+0 
42 303+0 
e41759+0 
041220+0 
©40685+0 
4015440 
e 3962 8+0 
«391C6+0 
e38588+0 
e 38075+0 
e3756€6+0 
©37062+0 
e 36562+0 
e 3606 7+0 
eo 35576+0 
e 3509140 
e 34609+0 
e 3413340 
eo I36E0+06 
e33193+0 
eo 3273040 
°32272+0 
© 31819+0 
3137040 
e 30927+0 
e 3048T+0 
e 3005 3+0 
© 29623+0 
2919840 
e28777+0 
e28361+0 


em ee a eee ee wee eee ye = 


p/pe 


e62759+0 
©6221 3+0 
e61669+40 
©61125+0 
-60583+0 
6004140 
e59501+0 
e58962+0 
05 8424+0 
o57888+0 
o57353+0 
e56820+0 
°56288+0 
0395758+0 
e55231+0 
o54705+0 
©54181+0 
°53659+0 
e53139+0 
e 5262140 
©52106+0 
05159340 
©51082+0 
e505 74+0 
-e50068+0 
4956540 
e 49065+0 
e485617+0 
©48071+0 
©47157940 
©47089+0 
e46602+0 
©46118+0 
©45637+0 
4515940 
4468340 
©44211+0 
043742+0 
© 432T7T6+0 
242813+0 
0 42353+0 
©41897+0 
0 4144340 
©40993+0 
e 40546+0 
e40102t0U 
« 39662+0 
« 39225+0 
« 3879140 
e 34360+0 
« 37933+0 


f/F* 


e1000041 
e10000+1 
-10001¢l1 
1000341 
e10006+41 
e10009+1 
e10013¢1 
eLOOLT+1 
~10022+) 
elL0027T+1 
© 1003341 
1004041 
21004741 
e10055+¢1 
-10063¢1 
eL0071L+1 
~10080+1 
1008941 
e 1009941 
©1010941 
©1011941 
e10130+1 
©101414)] 
e©10153+41 
elL0165+41 
elOlLT7+1 
101894) 
©10202+1 
© 102154) 
el0228+1 
0 19241+¢1 
© 1025541 
© 1026941 
eo 10283+1 
el0297+) 
© 1031241 
©1032T+) 
e10342+1 
1035741 


© l0372+41 © 


010387 +) 
©o 104031 
e 1041941 
eo 1043541 
e 10451 +1 
el0467+#1 
oe 1048341 
el C49941 
e 105164] 
e 105331 
e 105494) 


A/A 


-10000¢1 
-1000901+41 
e 10003+1 
«1000841 
e1001441 
e 1002171 
e 10030+1 
©10041+¢1 
e 100544] 
e 10068+1 
e 10083+1 
e 1010041 
© 1011941 
e 1013941 
e 1016041 
0 1018441 
210208) 
© 1023441 
© 10262+1} 
© ld2914¢1 
oe 1032141 
© 103531 
© 10386+1 
© 1042141 
© 104574) 
2 104954) 
e 10533+) 
« 105744} 
e LO61641 
e 106594) 
e 1070341 
© 10750+) 
el0797T+)1 
e 1084641 
© 1089641 
e 109481 
© 11001 +1 
e11055+#) 
elllli+l 
e111694)] 
ell22T7T+) 
e1l1l288+1 
0113494} 
01141241 
ell4/77+} 
e1lL54341 
1161041 
eli679#) 
ell 750+4i 
e1182z2+1 
©11895+¢) 
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1.50 
1.51 
1.52 
1.53 
1.54% 
1.55 
1.56 
1.57 
1.58 
1.59 
1-60 
1.61 
1.62 
1.83 
1.64 
1.65 
1.66 
1.67 
1.68 
1.69 
1.70 
I.71 
1.72 
1.73 
1.74 
1.75 
1.76 
1.77 
1.78 
1.79 
1.80 
1.81 
1.82 
1.83 
1.84% 
1.85 
1.86 
1.87 
1.88 
1.89 
1.90 
1.91 
1.92 
1.93 
1.94 
1.95 
1.96 
1.97 
1.98 
1.99 
2.00 
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TABLE A-} 


Compressible Flow Functions for isentropic Flow, y = 1.30 


M* = u/u* 


1.39089 
1.3978) 
1.40469 
1.41153 
1.41834 
1.42512 
1.43186 
1.43857 
1.44524 
1.45188 
1.45848 
1.46505 
1.47159 
1.47809 
1.48455 
1.49099 
1.49739 
1.50375 
1.51008 
1.51638 
1.52265 
1.52888 
1.53508 
1.54124 
1.54737 
1.55347 
1.55954 
1.56557 
1.57157 
1.57754 
1.58348 
1.58938 
1.59525 
1.60109 
1.60690 
1.61268 
1.61842 
1.424613 
1262981 
1263546 
1.64108 
1.64667 
$-65223 
1.65775 
1266325 
1.66871 
1067415 
1067955 
1268492 
1.69027 
1.69558 


T/T° 


e 14766+0 
e 7451540 
°e 14263+0 
@ 14012+0 
e 13 760+0 
e 71350940 
e 13258+0 
«e /3007+0 
e/2756+0 
e 125050 
e 12254+0 
e 12004+0 
oe 11 754+0 
e 1150340 
e 711 254+0 
oe 11004+0 
e 10 754+0 
e 70505+0 
e 10256+0 
e 70008+0 
e69759+0 
«6951140 
e 69264+0 
©69016+0 
e 68 769+0 
e68523+0 
@ 68276+0 
«68030+0 
e67785+0 
«6754040 
@e67295+0 
5705040 
668074. 
e 6656349 
e 66320+0 
e66077+0 
e65835+0 
e 65594:20 
e 65 343+0 
©65112+0 
e648 7240 
e 64632+0 
e 6439340 
e 64155+0 
©63917+0 
© 63679+0 
© 344240 
6320640 
e529 7040 
2 62735+0 
e62500+0 


p/p® 


e28361+0 
e279S50+t0 
e2 154440 
e27142+0 
e26745+0 
e 2635240 
© 25964+0 
2558040 
2520240 
2482 F+0 
©2445 7T+0 
e24092+0 
e23731+0 
oe 23375+0 
« 23023+0 
e22675+0 
e 22 332+0 
e21993+0 
e 21659+0 
0o21329+0 
@21003+0 
e20681+0 
e 20 364+0 
e20050+0 
©19741+0 
e 1943640 
e 19135+0 
e 188 328+0 
e18545+0 
e1l8257+0 
el79T24° 
0176140 
e 1741340 
e17140+0 
e 168700 
e166C5+0 
e 16343+0 
e 16084+0 
e 158300 
© 15579+0 
e 1533140 
e 1508740 
e 1484740 
© 1461040 
e 14377+0 
e 1414740 
e 1392070 
e 1369740 
e 13477+0 
e 1326040 
e 13046+0 


p/p? 


e37933+0 
3751040 
e 3708940 
e36672+0 
e 36259+0 
e 35849+0 
e 35442+0 
e 35038+0 
e34%4639+0 
© 3424240 
e 33849+0 
e 33459+0 
e 33073+0 
e 3269140 
e 32311+0 
e 31935+0 
© 31563+0 
e 31194+0 
e 30828+0 
e 30466+0 
e30108+0 
e29752+0 
«e 29400+0 
e29052+0 
e28706+0 
«28 365+0 
e 28026+0 
2169140 
e21359+0 
e21031+0 
e 26 706+0 
e 26384+0 
©26065~0 
e257T50+0 
e 25438+0 
e 2512940 
© 24824+0 
oe 2452140 
e 24222+0 
©23926+0 
e23633+0 
oe 23343+0 
« 23057+0 
e22713+0 
0 22493+0 
© 22215+0 
e 21941 +0 
e216/70+4+0 
© 2140240 
eo 21136+0 
e 2087440 


F/F* 


1054941 
1056641 
1058341 
106001 
e106] 7+} 
© 106344) 
1065141 
1066941 
1068641 
©10703+1 
01072141 
01073841 
210756+1 
107734] 
01079] +4} 
-10808+]1 
1082641 
0108444} 
©10861+} 
©108794)} 
el 0897+) 
e109] 54] 
© 1093341 
1095041 
109684] 
elO0986+] 
110044] 
ellO022+41 
©11039+} 
e11057+] 
2110754) 
0110931 
ell111+1 
e11128+) 
01114641 
0111644] 
elll82+i 
ell I994)] 
e11217+1 
01123541 
61125241 
el12704) 
el1287+1 
e11305+1 
011322+] 
e11340+} 
ell357+1 
e11375+]1 
011392+) 
ell 4C9+]} 
011427+1 


A/A” 


elL1895ek 
01197041 
01204641 
01212441 
122031 
0122844) 
0123674] 
012451+1 
01253641 
01262441 
e12712+4]1 
© 128034] 
01289541 
o1298B+1 
© 1308341 
e131801 
01327941 
e13379¢1 
e13481l+]1 
01 3585+) 
©13690+1 
01379741 
1 390641 
140164] 
0141294] 
01424341 
01435941 
01 4476+) 
01459641 
01471 7+1 
0 14841l+]1 
01496641 
1509341 
© 15222+1 
© 15353+} 
©15486+] 
o15621+4} 
01575841 
e15897+]1 
© 16038+) 
©16182+1 
e16327+1 
164744] 
© 166244) 
1677541 
@16929+1 
170851 
01724341 
ol 740441 
o17567+1 
el7732+1 
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= & 


<7 


2200 
2202 
2204 
2006 
2208 
2210 
2012 
2214 
2elf 
2218 
2220 
2e22 
202% 
2026 
2228 
2230 
2032 
203% 
2236 
2238 
2240 
2242 
2 244 
2246 
2248 
2-250 
2052 
2254 
2256 
2258 
2-60 
2262 
225% 
2266 
2268 
2-e/0 
eel2 
207% 
22176 
22/8 
2-80 
2282 
228% 
2-86 
2288 
2-90 
2292 
2294 
2296 
2298 
3200 


% 
M 


=u/u 
1.69558 
1.70612 
1.71654 
1.72684 
1.73703 
1.74710 
1.75706 
1.76690 
1.77664 
1.78626 
1.79577 
1.80518 
1.81447 
1.82366 
1.83275 
1.84173 
1.85061 
1.85938 
1.86806 
1.87663 
1.88511 
1.89349 
1.90177 
1.90996 
1.91805 
1.92605 
1.93396 
1.94177 
1294950 
1.95713 
1.96468 
1.97214 
1.97952 
1.98681 
1.99401 
2.00113 
2.00817 
2.01513 
2.02201 
2.02881 
2.03553 
2.04217 
2204874 
2.05523 
2206165 
2.06799 
2.07426 
2.08046 
2.08659 
2.09264 
2.09863 


T/T° 


e62500+0 
e62032+0 
©61567+0 
e61105+0 
06064440 
-60187+0 
©59731+0 
e59279+0 
5482940 
58 3182+0 
e57937+0 
o57496+0 
05705740 
5662140 
e26187+0 
o55757+0 
055329+0 
-54905+0 
o 54483+0 
e 54064+0 
5364840 
©53235+0 
©52825+0 
05241840 
©52014+0 
©51613+40 
05121540 
©50820+0 
05N42840 
25003940 
°49652+0 
e49269+0 
o48889+0 
048512+0 
4813840 
e477T67+0 
04 7399+0 
04 103440 
©46671+0 
°©46312+0 
©45956+0 
24560 3+0 
©45252+0 
©44905+0 
°44560+0 
04421840 
e43880+0 
043544+0 
04321140 
047881+0 
e42553+0 


p/p° 


2 13046+0 
el26228+0 
el2223+0 
-11830+0 
211449+0 
e11079+0 
elC72C+0 
e©10373+0 
e10036+0 
9709 7-1 
093934-1 
-90870-1 
e87902-1 
e85027-1 
082243-1 
e/9548-1 
0 f6938-1 
0 14411-1 
e/1966-1 
©69599-1 
e6/3C8-1 
e650S2-1 
©62947-1 
e608 72-1 
2 58865-1 
25692 3-1 
055045-1 
053228-1 
e31471-1 
e49772-1 
e48129-1 
©46541-1 
©450C 5-1 
°43520-1 
042084-1 
-40696-1 
e 39354-1 
- 38057-1 
e368C 3-1 
© 35592-1 
© 34420-1 
e33288-1 
e32194-] 
031136-1 
© 30114-1 
e29126-1 
e28171-1 
0217249-1 
026357-1 
029495-1 
2466 3-1 


TABLE A-] 


Compressible Flow Functions for 


p/p 


o20874+0 
e20358+C 
©19853+C 
©1936C+0 
e18878+0 
2 18408+0 
01 7948+C 
01749940 
~17060+0 
«16631+0 
el16213+0 
2 15805+0 
© 154C6+0 
1501 7+0 
014637+0 
©14267+0 
«13905+0 
© 1355340 
«1 3209+0 
e12873+C 
© 12546+0 
el2227+0 
e-11916+0 
e11613+0 
e11317+0 
eL11029+0 
© 10748+0 
1047440 
«10207+0 
-99468-1 
©96932-)1 
©94462-1 
092055-1 
e89709-1 
-87424-1 
°65197-1 
e83028-1 
©80915-} 
o78856-1 
© 76851-1 
e 14898-1 
©72996-1 
© 11143-1 
069338-1 
e67581-1 
e65869-1 
©64202-1 
062578-1 
~50997-1 
©59457-1 
051985 T-1 


F/F* 


eLl1l427+1 
o1146)4+1 
1149641 
01153041 
115641 
01159741 
01163141 
1166441 
elLll6éG/7+}] 
e11730¢1 
o11763+1 
el1179641 
ell828+1 
eL1860+1 
e11892+1 
1192341 
01195541 
e11986+1 
el20174¢1 
1204841 
o12078+1 
el1210841 
e121 3841] 
1216841 
e1l2197+1 
el2226+1 
1225541 
el 228441 
el2312+1 
01234041 
012368+1 
01239641 
0 1242341 
01245141 
01247841 
© 125044] 
01253141 
1255741 
0 i 25834])] 
el 26C94+1 
1263441 
1265941 
© 1268441 
el27C9el 
01273341 
el2758a+1 
e1l2782+1 
el280641 
e L2829+41 
e12253+) 
0128761 


AMCP 706-285 


isentropic Flow, y = 1.30 


A/A 


el7732¢1 
e 1806941 
1841641 
el8772+1 
ei9138¢1 
01951441 
1990141 
2029841 
20706) 
0211254} 
2155541 
2199741 
02245141) 
0229164) 
0233944) 
02388541 
0243 88+1 
2490441 
0 254344) 
0259 78+) 
2653541 
oZ27107T+) 
0216944) 
2829541 
e28912+1 
0 2954541 
e 301934] 
e 30858+1 
e 3154041 
e 322384) 
e 3295441 
eo 336884) 
« 34440+ 1 
e 3521141 
e 3600141 
oe 3681141 
- 3764041 
e 384894] 
e 393601 
e40251+1 
0411654) 
421001) 
eo 4305841 
e 44039 +1 
oe 4£5044+) 
«4607341 
© 4712641 
e 482051 
4931041 
@ 504404) 
515984) 
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3-00 
3-02 
3.04 
3206 
3-08 
3-10 
3012 


3014 | 


3016 


30174 


3-78 
3480 
3282 
53284 
3286 
3-88 
3290 
3092 
329% 
3296 
3098 
4.00 


AMCP 706-285 


Ms usu 


2.09863 

2210455 

2211040 

2211619 
2212191 

2212756 

2213315 

2213868 
2214414 
2014954 
2215489 
2.216017 
2216539 
2-17055 
2217565 
2218070 
2218569 
2219063 
2219550 
2220033 
2220510 
2220982 
2221448 
2221910 
2222366 
2022817 
2223264 
22237058 
2224141 
2024573 
225000 
2225422 


2225840. 


2026253 
2226662 
2221066 
2221466 
2027861 
2228252 
2228639 
22-9022 
2229401 
2029775 
2230146 
2.30512 
2.30875 
2231234 
2.31589 
2231940 
2232288 
2232632 


T/T? 


042553+0 
042229+0 
©41907+0 
©41588+0 
041272+0 
-40958+0 
4064840 
e40340+0 
©40035+0 
© 39732+0 
e 39432+0 
e 39135+0 
e 38840+0 
e 38548+0 
e 368259+0 
o379T2+0 
°-37688+0 
e 3740640 
e37127+0 
e 36851+0 
«365 76+0 
e 36305+0 
e 36036+0 
eo 357169+0 
e 35504+0 
e 35242+0 
e 3498 3+0 
e 3472540 
e 344 70+0 
e 34218+0 
©33967+0 
3371940 
« 334 F440 
e 332:30+0 
e 32989+0 
oe 3274940 
© 32512+0 
e32277+0 
e 32045+0 
e 31814+0 
- 31586+0 
e 3135940 
e 3113540 
« 30913+0 


e 30692t0- 


e 30474+0 
e 30258+0 
e30043+0 
e29831+0 
e29620+0 
e29412+0 


psp? 


e24663-1 
0238581 
-23080-1 
022329-1 
e216C02-1 
o209CO—1 
e20222-1 
e19567-1 
e18933-1 
©18321-1 
el?729-1 
elT157-1 
e16605-1 
e16071-1 
015554-1 
e15055-1 
e14573-1 
0141Cl-1 
013656-1 
el3221-1 
e12800-1 
012393-1 
e12000-1 
ell619-1 
e11252-1 
e10896-1 
e10553-1 
e10220-1 
°98993-2 
©9588 l=2 
9288 3-2 
e899 719-2 
e87171-2 
e84455-2 
°©81829-2 
o79289-2 
e76832-2 
0 14456-2 
e7215 7-2 
0699 34-2 
067783-2 
©657TC2-2 
©63690-2 
e61742-2 
o59858-2 
©58035-2 
©56271-2 
05 4564-2 
e52911-2 
051313-2 
049765-2 


TABLE A-l 


Compressible Flow Functions for 


p/po 


25719571 
e 56497T=—1 
e5507T5—1 
e53690-1 
© 52342-1 
510281 
©49750-1 
485041 
o47292-1 
e46111l—1 
o44961-1 
04384l-—1 
e42751-1 
e41689—])] 
e40655-1 
© 39648-1 
e 38668—1 
0 37713-1 
e 38783-1 
eo 3587T—1 
e 34995-—1 
e 34136—1 
e 33299-1 
© 32485-1 
31691-1 
e 309181 
e 30165-1 
029432-1 
287181 
e28022-i 
0o21345-1 
e26685-1 
e26042=-1 
e25415—1 
o24805-1 
e242ll-l 
023632-1 
e23067-1 
e225185-1 
e21982—1 
e21460-1 
e20952-1 
0 20456-1 
e19973-1 
© 19503-1 
0190441 
-18597-1 
el181L62-1 
el7737T=-1 
©17323-1 
-16920-1 


F/F* 


2128 76+) 
01289941 
ei2921+41 
e 1294441 
e12966+41 
e12988+]) 
e1301041 
e 1303141 
e 130531 
01307441 
el3095+ti 
el311541 
© 1313641 
e131 5641 
o1317641 
eo 1319641 
o 1321641 
1323641 
01325541 
o 1327441 
21329341 
01331241 
0133301 
oe 1334941 
0 13367+1 
eo 13385+1 
0 134C3+41 
o 1342041 
oe 1343841 
eo 1345541 
01347241 
o 1348941 
e13506+1 
01352341 
01353941 
2 1355541 
el35T71L+41 
013587+1 
e13603+1 
© 1361941 
01363441 
0136501 
1366541 
e13680+41 
e13695¢1 
e1370941 
ol 372441 
o13738+1 
0137531 
el37674+1 
el378l41 


Isentropic Flow, y = 1.30 


A/A” 


251598) 
05278241 
@ 539951 
5523641 
e 565074) 
5780741 
5913741 
« 6049941 
e61892+1 
©63317+1 
06477641 
© 6626841 
06779441 
693551 
e 109531 
oe 1258641 
oe 14257+1 
oe 159661 
elT?13el 
eo 19590C+1 
e 81328+1 
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i Compressible Flow Functions for Isentropic Flow, y * 1.40 
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Compressible Flow Functions for Isentropic Flow, y = 1.40 


rt 
Mi 2 u/u" 
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0.69342 
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0.73179 
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0.85239 
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e 83333+0 


psp? 


e84302+0 
e83737+0 
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e10912+1 
e10848+1 
-10788+1 
elC731+1 
e10678+1 
e1062T+1 
© 1057941 
© 1053441 
oe 10492+1 
e10451+1 
© 10414+1 
©10378+i 
© 10345+1 
© 1031441 
e10284+1 
e10257+1 
e10231+1 
e10208+1 
e10185+1 
1016541 
010145+1 
e10128+1 
elO1l1LZ+1 
e 1009741 
e 1008341 
el10070+1 
e 1005941 
e 1004941 
e10040+1 
el0032+1 
e 1002541 
e 1001941 
1001441 
e1C009+1 
e LOO06+1 
eild003%1 
e1000141 
e1C000+1 
«10000+#1 


% 


A/A 


013398+1 
el 321241 
e 1303441 
eo 128654] 
el2703+1 
oe 1254941 
0124031 
012263+1 
el2130+1 


e12003+1 


ell882+1 


ol T7674: 


01165641 
01155241 
011451+] 
01135641 
01126541 
elll79+#1 
2©11097+1 
01101841 
01094441 
el1O0873+1 
e 1080641 
01074241 
10681 +41 
el 062441 
el057041 
e1051941 
elO47141 
010425#1 
1038241 
01034241 
01030541 
e10270+1 
e10237+1 
e10207+1 
elOlLT9+41 
101531 
«1012941 
e1lOlO8+1 
e 1008941 
elOO7T1+F+1 
e 1005641 
1004341 
e10031+1 
21002141 
elL001L4+1 
eiL00G6ei 
e10003+1 
21000141 
e10000+1 


é: 


NF 


“aS 


: —t petn utte \>°© 


2, ae eter, stir mn whpatith SA Dapwnee- 





Sst Sle dai aeeont at i «aaa “@. 
n 1 











PPM EAB WER I MRM TTL TI CY 


thy. 


.% 


2 wow 4 @ 6 ae ee Te oe™ oe 2 we & eee ee. ae | =. oe 


1.00 
1.01 
1.02 
1.03 
1.04 
1.05 
1.06 
1.07 
1.08 
1.09 
1.10 
lell 
1.12 
1.13 
1.14 
1.15 
1.216 
1.17 
1.18 
1.19 
1.220 
Le2l 
1.22 
1.23 
1.24 
1.25 
1.26 
L.27 
1.28 
1.29 
1.30 
1.31 
1.32 
1.33 
1.34 
1.35 
1.36 
l1.37 
1.38 
1.39 
1.40 
1.41 
1.42 
1.43 
1.44 
1245 
1.46 
1.47 
1.48 
1-49 
1.50 


TABLE A-1 


AMCP 706-285 


Compressible Flow Functions for isentropic Flow, y = 1.40 


Ms u/u" 


1.00000 
1.00831 
1.01658 
1.02481 
1.03300 
1.04114 
1.04925 
1.05731 
1.06533 
1.07331 
1.08124 
1.08913 
1.09699 
1.10479 
1.11256 
1.12029 
1.12797 
1.13561 
1.14321 
1.15077 
1.15828 
1.16575 
1.17319 
1.18057 
1.18792 
1.19523 
1.20249 
1.20972 
1.21690 
1.22404 
1.23114 
1.23819 
1.24521 
1.25218 
1.25912 
1.26601 
1.27286 
1.27968 
1.28645 
1.29318 
1.29987 
1.30652 
1231313 
1.31970 
1.32623 
1.33272 
1.33917 
1.34558 
1.35195 
1.35828 
1.36458 


T/T° 


e 83 333+0 
e 83055+0 
©82776+0 
©8249640 
28221540 
e81934+0 
©81651+0 
e81368+0 
e81085+0 
e 80800+0 
@805815+0 
e80230+0 
e 1994440 
e 19657+0 
e 19370+0 
e 1908370 
e 18795+0 
e/8507+C 
e 18218+0 
e717929+0 
e 77640+0 
e 17 350+0 
e77061+0 
e76771+0 
e 76481+0 
e 16190+0 
e 159000 
e 1561040 
e 15319+0 
e 75029+0 
0e14738+0 
e 14448+0 
e74158+0 
e 13867+0 
e/3577+0 
e13287+0 
1299740 
ef? TC07T+0 
e /2418+0 
ef2128+0 
e 7183940 
e71§550+0 
»11262+0 
e 10973+0 
« 70685+0 
e 10398+0 
e 7011140 
069824+0 
e69537+0 
©69251+0 
e68966+0 


p/p° 


05282840 
©5221 3+0 
e516C2+0 
e50994&+0 
©503894*C 
249787+0 
4918940 
e48595+0 
e48005+0 
2o47418+0 
© 46835+0 
©4625 7+0 
0456E2+0 
e451114C 
0445454+C 
o 4 398 3+0 
043425+0 
042872+0 
042 323+0 
e41778+0 
e41238+0 
e4CIC2+C 
e40171+0 
e 39645+0 
03912 3+0 
e 386C6+0 
e 3805 3+0 
e37586+0 
e370%83+0 
e 36585+#0 
e 360S1+0 
e 35603+0 
3511940 
© 3464040 
© 34166+0 
0 3369TtO 
e 33233+0 
eo 32773+0 
e32319+0 
e 31869+0 
©31424+0 
e 3C984+0 
e 30549+0 
3011940 
02969 3+0 
e29272+0 
o28856+0 
e28445+0 
e28039+0 
02 1637+O0 
e2 1240+0 


p/p® 


06 3394+0 
©62866+0 
262335+0 
©6181 3+0 
e61289+0 
°60705+0 
e60243+0 
05972 3+0 
08920340 
«58686+0 
-586170+0 
©5 7655+0 
057143+0 
©56632+0 
05612340 
©55616+0 
055112+0 
«5460940 
05410849 
©5361 0+0 
05 31144C 
©52621+0 
©9212940 
©5164C+0 
©51154+0 
©50670+0 
5018940 
©49710+0 
e492 34+0 
e48761+0 
e48290+0 
e47823+0 
047358+0 
© 46895+0 
© 46436+0 
e45980+0 
e45526+0 
«4507640 
©4462 8+0 
©44184+0 
©43742+0 
« 43304+0 
e42869+0 
©42436+0 
e42007+0 
4158140 
04115840 
4073940 
040322+0 
e 39909+0 
» 39498+0 


F/F* 


eLO0O0CO+1 
eidH00+1 
elL000141 
e 1000341 
© 1000541 
~ 1000841 
elcCO12+1 
e10016+41 
e10020+1 
e10025¢1 
elGo3lel 
e10036+41 
e10043#1 
e10050+¢1 
elCO057+1l 
©10065+41 
~ 1007341 
© 100511 
© 1009041 
01009941 
1010841 
1011841 
©10128+1 
1013841 
© 1014941 
© 1015941 
© 1017041 
e101 82+1 
e 1019341 
© 1020541 
1021741 
© 1022941 
elO024141 
e1025441 
e10267+1 
©1027941 
e 1029241 
© 1030641 
©10319¢1 
©10332¢1 
e10346+1 
© 103601 
© 1037341 
eLO387T+F+1 
104014] 
01041541 
© 1043041 
0 1044441 
e10458+1 
© 104734) 
© 1048741 


A/A” 


-10000¢1 
-10001+¢1 
e 100031 
eo 100074} 
e 1001341 
e 1002041 
« LOO294¢1 
2 10039¢1 
e 1005141 
e 1006441 
e 1007941 
« 10095+)1 
© 1011341 
© 1013241 
e 1015341 
o 103 7541 
© 1019841 
© 1022241 
e 1024841 
0102 7641 
2 1030441 
e 1033441 
e 1036641 
oe 103981 
© 1043241 
e 1046841 
e 1050441 
e 1084241 
e 1058141 
e 1062141 
« 1066341 
© 1070641 
«1075041 
© 1079641 
e 10842+1 
e 1089041 
e 1094041 
e 1099041 
@® 1104241 
e 1109541 
eo 1114941 
eo 1120541 
e 1126241 
© 113201 
01137941 
«1144041 
e11561+1 
©11565¢1 
e11629+1 
© 116951 
ell 762+} 


A-14} 





— 


! 


on ie — ee: oem oe Bee ee. - 1c 


aE ne 3 





ze ee nee 


' = mee - - °° 


‘ rs UN 


OP AS 


ST Ee ee Canada 
go ely BART AAG TORS.” Cee ot a6 SANS — 


1.50 
1.5] 
1.52 
1.53 
1.54% 
1.55 
2256 
led? 
1.58 
1.59 
1.060 
1.61 
1.62 
1.63 
1264 
1.65 
1.56 
1.67 
1.68 
1.69 
1.70 
1e7l 
1.72 
1.73 
1.74 
1.75 
le 76 
le?? 
1.78 
1.79 
{.80 
2 8l 
Le82 
1.83 
1.8% 
1285 
1.86 
1.87 
1.88 
1.89 
1.90 
1.91 
1.92 
1.93 
1.94 
1.95 
1.96 
retl 
1.98 
1.699 
2206 


A-142 


AMCP 706-285 


% 
M2 u/un 


1.36458 
1.37083 
1.37705 
1.38322 
1.38936 
1.39546 
1.40152 
1.40755 
1.41353 
1.41948 
1042539 
1043127 
1.43719 
1.44290 
1044866 
1045439 
1.46008 
3046573 
1647135 
1047693 
1.48247 
1.48798 
1.49445 
1.49889 
1.50429 
1.50966 
1.51499 
1.52029 
1.52555 
1.53078 
1.53598 
1.54114 
1.54626 
1.55136 
1.55642 
1.56145 
1.56644 
1.57140 
1.57633 
1.58123 
1.58609 
1.59092 
1.59572 
1.60049 
1.60523 
1.60992 
1261460 
1.61925 
1.62386 
Leb 2044 
1.63299 


TABLE A-} 


Compressible Flow Functions for isentropic Flow, y © 1.40 


T/T" 


e68966+0 
e 68680+0 
e 68 39640 
e68112+0 
e67828¢0 
e61545+¢0 
e67262+40 
e 669 80 +0 
e66699+0 
© 6641840 
e66138*C 
e65858+0 
e655 7940 
e 6530140 
e6502340 
e564 7460 
e644 70+0 
@ 6419440 
6391940 
e63645+0 
6337140 
- “309930 
» 4282740 
«6255640 
26228540 
e62016+0 
6174720 
e61479+0 
e61212+0 
e 6094540 
e 6068070 
e60415+0 
«6015170 
5988830 
5962640 
e 59365+0 
«5910440 
e 5884540 
e 58586+0 
» 58 32940 
»58072+0 
©57816+0 
e 57561 +0 
057307+0 
oe %*7905440 
«56802+0 
e 56551 +0 
e56301+0 
«5605140 
e 55803+0 
e55556+0 


p/p? 


021240+. 
e 26848+0 
© 2646140 
e260 78+0 
0 257CO+0 
e 25326+0 
eo 2495740 
© 2459340 
e242 33+0 
e238 /78+0 
023527F+0 
e23181+0 
e 22839+0 
e22501+0 
e22163+0 
e21840+0 
021515+0 
e21195+0 
2087940 
e20567+0 
e 20259+0 
e 19956+0 
e 1965670 
e19361+0 


21907040. 


e18782+0 


a 184990 - 


«18220+0 
o17944+0 
1767240 
2174C4+0 
01714040 
1687940 
© 16622+0 
e 1636940 
«16120+0 
©15873+0 
e 15631+0 
e15392+0 
e15156+0 
« 14924+0 
© 14695+0 
e14470+0 
o 14247+0 
~14028+0 

13813+0 
e 13600+0 
ei33S0+0 
o13184+0 
e12981+0 
ol2780+¢0 


p/p? 


e 39498+0 
e 3909140 
e 38688+0 
e 38287+0 
e 37890+0 
»371496+0 
e 3710640 
e36717+0 
e 36332+0 
e 3595140 
e 35573+0 
e 3519840 
e 34827+0 
e 34458+0 
e 34093+0 
e33731+0 
0 33372+0 
e 33017+0 
e 3266440 
e 32315+0 


— -¢ 3196940 


© 31826+0 
e 31287+0 
e 3095040 


- ¢ 3061740 


e 3028 7+0 
e29960+0 


e29635+0. 


e29315+0 
«2899 7+0 
«28682+0 
e28370+0 
e 28061+0 
e27756+0 
02 1453+0 
e27153+0 
«2685 7+0 
e26563+0 
e26272+0 
e25984+0 
e 2569940 
2541 7+0 
025138+0 
2486140 
e24588+0 
o243L7+0 
© 24049+0 
02 378440 
e23521+0 
e23262+0 
e23005+0 


F/F* 


elO487+1L 
elLO0502+1 
1051641 
elO531+1 
el1C5464)}] 
e 1056041 
e10575%1 
1059041 
elC6C54l1 
elO062041 
01063541 
e1065041 
1066541 
1068041 
106954) 
elOTLOF1L 
elO0725+1 
01074041 
01075541 
eLlO7701 
e1G785+1 
eLO0800¢1 
o1081 541 
1083041 
01084541 
e10860+1 
1087541 
-10890¢1 
e10905+1 
1092041 
1093541 
-1095041 
1096541 
01098041 
~10995¢1 
ei100941 
el11024+41 
e11039¢1 
01105441 
e11068+1 
011083¢1 
eL1LO9T+1 
eLlLll2¢% 
el1l126¢1 
elll4lel 
elLl1LL55¢1 
eLLL70+1 
01118441 
e11198¢41 
ell21341 
ell2c7+l 


= - en eee a aw fo 3s = s- % 
means eee ean a ae eee eg ee ae as. eee See eS 


% 


A/A 


01176241 
e11830+1 
0118994) 
ell9TO+1 
el 204241 
0o12i16+41 
0121904} 
12266+1 
01235441 
el2422+1 
e12502+1 
01258441 
e12666+1 
01275041 
01 2836+] 
01 2922+¢1 
01301041 
e1 310041 
01319041 
01328341 
01337641 
el 347141 
el 356741 
01366541 
01376441 
1386541 
el 3967¢1 
1407041 
0141751 
01426241 
01 4390¢1 
01449941 
Ll 4610+1 
0147231 
01 4836+1 
01495241 
150691 
e15187+1 
01530841 
01542941 
e 1555341 
ei S47T4H1 
ei 580441 
01593241 
© 16062+1 
1619341 
0o16’.26+1 
.S5461¢1 
559741 
oi6 735+ 
01687541 





<b 
eG 


we, cine. . yen, ac eabclley ED ORERE Ale. galapeaeaasen & 


oo 


Wrfseds wv ah 02 





ee 
i 


1g 
ig 
: 
4 
\' 
. 
wf 
| 
. cs 


ee Oe ree aS - : ae | loa) 
- ee est . 


¥ AMCP 706-285 


TABLE A-! 





q 


_— ow oe ge Oe eee *- en Tw OT eS —~« . — Oe ee eee 





Compressible Flow Functions for Isentropic Flow, y * 1.40 





<¥ MOM = u/u* T/T° psp? p/p? F/F* A/A” 
<p * 

2.CO. 3:10 03299 =. 555640 =o L278040 8=—«_ no. 2300540 ))=— os LL227T41 = =— 0 L685 #1 a 
2.02. 1064200 «5506440 .12389+40 2249940 .11255+1 1716041 = 
2.04 1265090 25457640 1206940 22200440 21128341 21745141 2) 
2.06 301065967 3=—-_ oe 5409240 =o 1164040 =. 211940 = LLBILEL «=o LT T5C+1 - 
2.08 1666833 05361140 611282+0 62104540 1133941 218056+¢1 i 
2010 1667687 05313540 .10935+0 .20580+0 1136641 218369+1 
512 «168530 4» 6 5266340 = 1059940 = 201260) 1139341 = 1 8 90 F 1 4 
5014 1069362 0 5219440 =o 1027340 =: 1968140 © 8=—w 21 G2O4+1L = & 19001 B +1 re 

. 2.16  1e70182 05173040 .99562-1 01924740 1144741 0619355441 a 

; 2018 14670992 65126940 .96495-1 21882140 .1147441 21969641 : 

. 2.20 3=1e71791 23=— se 8981340 «66 93522-1 = -n.:« 1B4 0540) = iw LL S0OFL =» 200541 i 

| 2.22 1072579 =e 5036140 3=. 6 906 40-1 = 1799840 = 1152641 = 0 2040941 = 

5.24 =. 10 73357% =e. 4991240 3=«. . B78 46-1 = -n-« LTHOOHO 8=— np: LL SSAVtL =—«- ZO TT +1 z ° 

2026 = 10 74125 3=— se 4946840 3=« - BSLAV-1L-—s nd ATZ2L140 =o. L155 7841 =o AE 15341 = 

: 2.28 «1074882 0s e 4902740) 3=«._-n. B2515-1 21683040 8 21160341 866 2153841 z 

: : 2.30 3=.: 10 75629 =e 4859140 =o T997T3—-1 =— sn 1645840 = -« L1G ZBL = =—«s_ on. 2 AFL so, 

E . 2.32 1076366 04815840 .775C9-1) 21609540 «1165341 o 223331 

f <2 2234 1.77093 047730+0 o75122-1 e 1573940 011678+1 022 14441 

F 2.36 leT7TB811 04730640 .72810-1 21539140 e11L703+1L 22316441 

3.38 «1278519 64688540 .70570-1 61505240 21172741 = 2359341 

r 2040 1079218 04646840 .684C0-1 21472040 oll T5141 2240311 

[ 2.42. 10679907 24605640 .66297-1 01439540 1177541 02447941 

: : 204% 16080587 04564746 064261-1 21407840 1179841 22493641 

f 3046 1081258 04524240 062289-1 21376840 e118214L 62540341 

[ 2048 391081921 3=—«.--e. 4484140 39 e G03 78-1 — oo 1346540 =o L1B4441 0 =o 25 880+] 

* 2-56 1.82574 044444+0 -58528-1 -13169+0 ell 867+41 e26367+1 

[ 3.52 1.83219 04405140 .56736-1 21287940 21189041 22686441 

2.564 1¢83855 04366240 6550C0-1 21259740 .11912+L o27372+1 

—— 2.56 1084483 64327740) 3=—«s on. SBBLI—1L =o 1232140 =o L934 *L =o 2789141 

| 2.58 12685103 042789540 .51692-1 21205140 1195641 .28420+1 

2060 30. 1085714) ee 251740 =o. SOLIS—10— se LL T87T4#O0 ©=—s os LLDTH+1L «=—«. . 285 96 OF 1. 

i 2262 1.86318 04714340 © 48589-1 e 115300 e1199941 o29511+1 

2064 1086913 04177340 e4T71L10-1 01127840 21202141 2300731 

2eb6 3 1eR75C1 =n 4140640 3=— o 456 T9-2-— oo 1103240 =. 1 204241 = 3064741 

2068 1 eBANEL «=—«-_ eo. 104340 3 39= 0. 4293-1 = « L079240 2 8=—s on 1206241 = 0 3123341 
2.70. 3=—- 1 88653. sn 4068440 3 3= 0. 42950-1 =—« ne: L055 740 =o 1 208341 =o 3.18301 

| 2072-1 e2G22t =e 4032840 3 3=—«. oe. 41 650-1 =—s_ oe 1032840 =o 12103412 = 0 332.43. 941 

3.7% 391 eB 27T7TH «~—s 0. 3997640 = 40 BG1-1 =— 0 1010440 = 1212341 = 3306141 

. 2676. 1690823. =o 3962740 =o. BL 72-1 0 9BBS52-1 =o 1214341 =o 3.369541 

2.78 1¢9C868 23928240 .37952-1 .96714-1L 212163) 034342+1 

2.80 14691404 03894140 .36848-1 .94627-1 01218 ‘1 8 63500141 

| 2.82 1691933 «=n 3860340 8 8=  BST4I-1L = 92HBT-1L =e A2vetlL = =—« e- SET AHL 

| 2084 022455 =o 3826840 3=—«_ o.: B4HOGO—2 = GOH9S-1 = ed 222141 = =—«- . 3635+). 

2.84 1.9¢970  =.37937+0 8 8=- 33631-1 - 88648-1 01224041 237058+1 

2.EB 0 83479 BTOLOFO =n: BAG Z2S—-1 =—_ oa@ BET4T—-1L se A 22584+L =o. FIT T1+1 

2.90 1293981 23728640 631652-1 28%890-1 .12277+L 3849841 

2092 1094477 =o 3696540) 3= o- BOTCB-1 = 8307T5-1 = n-: B22954+1L = =—- B92 HHA 

2094 1694966) «=o B664T#G = 297G5-1 =. B1302-1 =o 231341 = 23999341 

2296 1.95449 e 36 333+0 e28910-1 -7195T7T1-1 e12331+4+1 o&O07T&241 

: 7.98 1.95925 23602240 628054-1 .77879-1 1234841 64154741 

| 3.09 12 96396 =o 3571440 «=o 27224-1 «=e TH226-1 = 1236641 = 0. 42.3 441 

| A-143 

L 








os — ee eee ee 


Pr ENE TERETE TES 


q ‘as : Foi) ° 4 
wie ay Rea Na aT 1 ee oe gales Fae viele F _— ig ue = ¥ 5 aaa Trays herp 


Ome I, wre RQ ewoyyen 


‘eg~.ee wer — 


al ian, Se Ke 


3-00 
3-02 
3.06 
3-08 
3-10 
3el2 
3214 
3-16 
3-218 
3220 
3<22 
3224 
3226 
3-28 
3-30 
3-32 
3e 34 
3036 
3-38 
3240 
3242 
3244 
3246 
3248 
3250 
3252 
3-54 
3-256 
3258 
3-60 
3-62 
3264 
3266 
3-68 
3-70 
3272 
3274 
3-76 
3-78 
3-80 
3282 
3284 
3-86 
3-88 
3290 
3-92 
3294 
3296 
4298 
4200 


A-144 


AMCP 706-285 


% 
M™ = u/u™ 


1.96396 
1.96861 
1.97319 
1.97772 
1.98218 
1.98661 
1.99097 
1.99527 
1.99952 
2.00371 
2.00786 
2.01195 
2.01599 
2.01998 
2202392 
2.02781 
2.03165 
2.03545 
2203920 
2204290 
2204656 
2205017 
2205374 
2.05726 
2.06075 
2.06419 
2.06759 
2.07094 
2207426 
2-01754 
2.08077 
2.06713 
2-09026 
2.093 34 
2209639 
2.09941 
2.102 38 
2.10533 
2210824 
2.11111 
2211395 
2011676 
2211954 
2212228 
2212499 
2.12767 
2.213032 
2213294 
2.13553 
2.13809 





TABLE A-1 


Compressible Flow Functions for Isentropic Flow, y = 1.40 


T/T? 


e 35714+0 
e 3541070 
e 3510840 
e 3481040 
e 34515+0 
e 34223+0 
oe 3393440 
e 3364840 
e 33136540 
e 33085+0 
e 37808+0 
e 3253440 
e 32263+0 
e 31995+0 
e 31729+0 
eo 3146640 
e 31206+0 
e 30949+0 
e 3069440 
« 3044340 
e 3019340 
2994740 
e29703+0 
«2946140 
© 29222+0 
e28986+0 
2875240 
e 28520+0 
© 28291+0 
e28064+0 
e21840+0 
e21618+0 
e217398+0 
e21180+0 
e26965+0 
© 2675240 
e26542+0 
e 2633340 
e26127+0 
© 25922+0 
©25720+0 
e 2552040 
0 25322+0 
e25126+0 
2493240 
e24140+0 
© 24550+C 
e 2436240 
o24176+0 
eo 2399240 
e2381LC+C 


psp? 


e21/224-1 
© 26420-1 
0 25641~1 
e24887-1 
024157-1 
0 23449-1 
eo22163-1 
e22099-1 
e21455-1 
e208 32-1 
e20228-1 
e 19642-1 
©19075-1 
© 18526-1 
e179S3-1 
eo ll4?lt-l 
el6977-1 
e16492-1 
e1l6022-1 
e15566-1 
015i 25-1 
©14697-1 
e14282-1 
©13879-1 
©13489-1 
el3lll-l 
0o121744-1 
e12389-1 
ei2044-1 
ell 7C9-1 
e1138&5-1 
el10/7C-1 
el0765-1 
el104E9-1 
elO018@2=—1 
990292 
©96326-2 
©93703-2 
e91157-2 
e 8868 7-2 


2 86290—2 


e83963-2 
e8i 705-2 
« 19514-2 
e 17386-2 
e 5321-2 
e 13316-2 
e 71369-2 
e694719-2 
e61643-2 
6584 1-2 


p/p 


e 16226-1 
© 74612-1 
e 73035-1 
e 1494-1 
e69988-1 
e68517-1 
e§7080-1 
©65676-1 
©64304-1 
©62964-1 
©61654-1 
e60375-1 
©59124-1 
e57902-1 
©56708-1 
©55541-1 
05440l-1 
093287-1 
e52198-1 
e51133-1 
e50093-1 
©49076-1 
0%8082-) 
e471ll-l 
»46161—1 
©45233-1 
44325-1 
©43438-1 
®425/71-1 
041723-1 
040894-1 
e40084-1 
e319291-] 
e 38516-1 
© 37758-1 
e37017-1 
e 36292-1 
e 35584-1 
© 34891-1 
© 34213-1 
© 33549-1 
e 32901-1 
© 32266-1 
e31646-1 
e 31039-1 
a 30445-1 
e29863-]1 
29295-1 
e28739-1 
2 8194-1 
«27662-1 


F/F* 


e12366+])] 
0123831 
01 24C04+1 
0o12417+1 
0124331 
e12450+1 
012466+) 
012482+1 
e12498+])1] 
012514+1 
0125304] 
0125451 
01256041 
el2575+1 
e12590+1 
e12605+1 
126191 
012634+1 
© 12648+1 
e12662+1 
el2676+1 
e12690+1 
el2703+1 
elZ2717+1 
e12 73041 
21274341 
e1z?56+1 
e12769+1 
e1l2782+1 
el2794+1 
el28C7+1 
1281941 
el 2831+] 
01284741] 
el 285541 
ol 2867+1 
elL287941 
el 289041 
1290241 
e12913+41 
el 292441 
01293541 
01 294641 
01295741 
o12967+1 
e12978+41 
e-l1 2988+} 
012999+)1 
2130091 
el 301941 
130291 


A/A” 


042346+1] 
©43160+1 
04398941 
0448 45+1 
4569641 
o46573+1 
046 1467+] 
o48377+1 
0493044] 
©50248+)1] 
5120941 
e52189+1 
05318641 
05420141 
5523441 
©56286+1 
05735741 
o58448+}] 
059558+1 
e60687+1 
06183741 
e63007+1 
06419741 
065409+1 
6664241] 
06769641 
e691 72+) 
eo f047041 
e71791+41 
0 /3134+1 
450141 
eo 1589141 
1730441 
eo (/8742+1 
e80204+1 
8169041 
06 3202+1 
0847391 
8630241 
-87890+1 
8950641 
9114741 
I2816e1 
©94513+1 
0962 37+1 
979891 
997704) 
eL10158+2 
0 l10342+2 
el 052942 
el0719¢2 


ya 


“a P 
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av 
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4.00 
4.202 
4.04 
4206 
4.08 
4-10 
4e12 
4.14% 
4216 
4.18 
4.20 
4.22 
4224 
4.26 
4.28 
4. 30 
4-32 
4234 
4-36 
4.38 
4-40 
4044 
4.46 
4-48 
4.50 
4252 
4.54 
4256 
4.58 
4-640 
4-62 
4-64 
4266 
4-68 
4.270 
412 
4214 
4-16 
4.176 
4-80 
4-82 
4-84 
4-86 
4-88 
4-90 
4092 
4.94 
4-96 
4.98 
5 «C0 


+ 
Mo = u/u™ 


2.13809 
2014062 
2214312 
2214560 
2214804 
2215046 
2.15285 
2215522 
2215756 
2.15987 
2.16215 
2016442 
2.16665 
2.16886 
2.17105 
2017321 
2.17535 
2.17747 
2.17956 
2.18163 
2.18368 
2.18571 
2.18771 
2.18970 
2.19166 
2.19360 
2.19552 
2019742 
2.19930 
2.20116 
2.20300 
2220482 
2220662 
2.20841 
2.21017 
2021192 
2.21365 
2221536 
2.21705 
2.21872 
2.22038 
2.22202 
2.22365 
2.22526 
2.22685 
2.22842 
2222998 
2.23153 
2.23306 
2.23457 
2.23607 


TABLE A-! 


Compressible Flow Functions for isentropic Flow, y = 1.40 


T/T° 


e2 381040 
e2 362940 
e 2 3450+0 
»23274+0 
e2 309940 
2292540 
0e22754+0 
0 27584+0 
e22416+0 
e22250+0 
e22085+0 
© 21922+0 
e21760+0 
e21601+0 
02144240 
e21286+0 
e21131+0 
o2097T7+0 
e20825+0 
2067540 
e 20525+0 
e20378+0 
e20232+0 
e20087+0 
e 1994440 
e 19802+0 
e19662+0 
© 19522+0 
©19385+0 
e 19248+0 
©19113+0 
e18979+0 
e18847+0 
©18716+¢0 
e 1858640 
e 1845740 
«1833040 
e 18203+0 
oe 18078+0 
© 17954+0 
©17832+0 
el7??10+0 
~17590+0 
e17471+0 
e17352+0 
e17235+0 
e171 2040 
-17005+0 
e16891+0 
e1677T8+0 
© l16667+0 


psp? 


658 El—2 
e641 30-2 
e62449-2 
e60817-2 
e592 31-2 
e51690-2 
e56194-2 
054140-2 
e5332T-2 
e51955-2 
e50621-2 
e49325-2 
e%8065—2 
e46841—-2 
©45651-2 
o44495—-2 
0433 710—2 
0422 717-2 
041214-2 
e40181-2 
e 39177-2 
e 382C0-2 
© 37250-2 
e 36326-2 
e 35427-2 
e 34553-2 
e 33 7TC2-2 
e 328 15-2 
e320 70-2 
2 31287T-2 
e 30526-2 
029 784-2 
e 29063-2 
e 28361-2 
o2161718-2 
e21013-2 
026 365-2 
e 25735-2 
e25122-2 
0 24524-2 
023943-2 
e2337TI-2 
e22825-2 
e22288-2 
e21765—-2 
e21256-2 
e20760-2 
e20277T-2 
»19806-2 
019347-2 
e189C0-2 


p/p? 


e21662-1 
0o27140-1 
e26630-1 
e26131-1 
e25643-1 
o25164-1 
0o24696-1 
© 24238-1 
o237T90-1 
e23351-1 
e22921-i 
©22500-1 
e22088-1 
e21685-1 
e21290-1 
e20903-1 
e20525-1 
e20154-1 
e19791-1 
oe 19435-1 
©19087-1 
© 18746-1 
e18411-1 
e18084-1 
e17763-1 
© 171449-1 
e1l7141-1 
© i16840-1 
e 16544-1 
e 16255-1 
e15971-1 
e15693-1 
e15421-1 
e15154-1 
el 4892-1 
© 14635-1 
© 14384-1 
0141381 
© 13896-1 
© 13659-1 
©13427T-1 
e13199-1 
e129f6-1 
el2758-1 
012543-1 
e12333-1 
el2126-1 
011924-1 
e11726-1 
e11531-1 
©L1340-1 


F/F* 


01302941 
e1303941 
1304941 
01305841 
e130681 
e13077+4+1 
e13087+1 
e 1309641 
eo 1310571 
01311441 
e13123+) 
01313241 
el3141L41 
0131501 
01315841 
o13167+412 
el31l7TS+1 
1318441 
e13192¢1 
eo 132001 
oe 1320841 
e13216+1 
01322441 
013232+1 
01324041 
01324741 
0132551 
013262+1 
0132701 
el3277T+1 
01328541 
013292+1 
e1329941 
0 i3306+1 
01331341 
01332041 
ol3327+1 
1333441 
e13340+1 
01334741 
01335441 
1336041 
01336741 
el337341 
o13380+1 
01338641 
0133S92+¢). 
o13398+1 
o13404+1 
01341041 
01341641 


AMCP 706-285 


ASA. 


elO7T19F2 
~l10912+2 
el 1L108+2 
0o11307+4+2 
©115094+2 
01171542 
01192342 
01213542 
ei 235142 
01256942 
el Z2I192+2 
01301 7+2 
ol 324642 
01347942 
e13715+2 
01395542 
0 14198+2 
01444642 
21469642 
el 495142 
e15210+#+2 
0 15472+2 
01573942 
1600942 
01 6284+2 
©16562+2 
01 6845+2 
el 71L32+2 
01 7423+2 
el 7718+2 
e18018+4+2 
©18322+2 
e 1863042 
© 18943+2 
01926142 
01958342 
1990942 
2024142 
0205 77/+2 
o20918+2 
02126442 
©21614+2 
e219 70+2 
02233142 
o22696t2 
~2306/1+2 
02344342 
0238 24+2 
e242 11+2 
246032 
e25000+2 
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5.00 
5-10 
3-20 
5230 
5240 
5250 
5-60 
3270 
5.80 
5.90 
6-00 
6210 
6.20 
6.230 
6-40 
6.50 
6-60 
6.70 
6.80 
6-90 
1.00 
7.10 
7.20 
7.30 
7.40 
7250 
7-60 
7.70 
7.80 
7.90 
&.00 
8.10 
8.20 
8. 30 
8240 
8.50 
8.60 
8.70 
8-80 
8-90 
9.00 
10.00 
11.00 
12.00 
13.C0 
14.00 
15.00 
16.00 
17.00 
18.00 
19.00 
20.00 
INFIN 


A-146 


% om 
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22023607 
2024334 
2225026 
2225685 
2226313 
2226913 
2221484 
2228030 
2228552 
2229051 
2229528 
2229984 
2230421 


2230840 . 


2231241 
2231626 
2231996 
2232351 
2232691 
2233019 
2233333 
2233636 
2233927 
2234208 
2234478 
2234738 
2234989 
2235231 
2235464 
2-35690 
2235907 
22036117 
2.36320 
2236516 
2236706 
2236889 
2237067 
2237238 
2-37405 
2237566 
237722 
2-39046 
2240040 
2240804 
2241404 
2241883 
2042272 
2242591 
2042857 
2243081 
2243270 
2 043432 
2244949 


T/T" 


e16667+C 
©16124+0 
© 15606+0 
«1511040 
e14637+0 
© 1418440 
013751+0 
o13337+0 
e12940+0 
e12560+0 
1219540 
e-11846+0 
e11510+0 
e 1118840 
e10879+0 
e10582+0 
«© 10297T+0 
e 10022+0 
~97580-1 
©95039-1 
©92593-1 
90237-1 
©87966-1 
e85778-1 
836681 
e81633-—1 
e 79669-1 
oftT?7T3—-1 
eo 15942—1 
eo 4173-1 
e 12464—-1 
e71812—1 
e692 14-1 
676681 
e661 73-1 
064725=—1 
©63323-1 
e61966—1 
©60650-1 
o5937S—1 
e58140—1 
©41619-1 
e 39683-—1 
eo 335571 
o28736-1 
© 248 76-1 
021739-1 
0191571 
170071 
© 151981 
©13661—-1 
0o12346-1 
«00000 


psp? 


- 18900-2 
e 16832-2 
e15013-2 
013411-2 
21199 7-2 
©10748-2 
e96430-3 
e866 35-3 
oe 171941-3 
e 70214-3 
e633 36-3 
e57206-3 
©51735-3 
©46845=—3 
e42469-3 
e 38547—3 
2 35029-3 
e 31868-3 
e29025-3 
e 26464—3 
0 24156—3 
0220 72-3 
e20189-3 
© 184%85-—3 
« 16942=-3 
e 15543=-3 
014273-3 
e13119-3 
e 120693 
20o11114—-3 
e10243-3 
094485-4 
e872 32-4 
e80602-4% 
e 145 38-4 
e689 85—4% 
e63896-4 
© 59228-4% 
e549 43-4 
e51006—4% 
o4/1386-4 
e2356.3-4 
0 12448—4 
©69222-5 
©40223-5 
e24278-5 
e15148-5 
©97309—6 
e64148-6 
e432 12-6 
e298C0—-6 
e209C8—-6 
-O000C0 


TABLE A-! 


Compressible Fiow Functions for 


p/p 


e11340--1 
e 10435—1 
e 96204—2 
e 88753-2 
e81966-2 
e (5715-2 
e 70124-2 
© 64959—2 
e60233--2 
e55904—2 
©51936-2 
e48293-2 
04494712 
©41870-2 
e 39037-2 
© 36427-2 
© 34020-2 
e3179T-2 
0297144-2 
02 1846-2 
e 260882 
e24460-2 
e22950-2 
021550-2 
202492 
e 1904C—-2 
© 17915-2 


e 16868-2. 


e 15893-2 
© 14984-2 
© 14135-2 
e 13343-2 
e 12603-2 
e11911-2 
el l264—2 
- 10658-2 
e L10090-2 
e 95582-3 
e 90590-3 
e 85905=—3 
e81504-3 
e 49483-3 
e 31369=-3 
e 20628-3 
e 13998-3 
09759 T—4 
e69680—% 
e50795-4 
e 37719-4 
e 28413—-4 
o21813-4% 
e 16935-4 
e 00000 


F/F* 


0134164) 
0 13446+1 
0134731 
e13500+1 
0 13525+1 
01354941 
o13572+4) 
135944} 
oe 136154) 
e 1363541 
ei 3655+] 
013673) 
o 1369141 
o13708+1 
01372441 
e13740+1 
0137554} 
01376941 
0137834} 
ol3797+1 
e13810+1 
ol 3822+}i 
01383441 
01384541 
oe 13856+1 
o13867+1 
013877) 
eolL3887+1 
-13897+1 
e13906+1 
0139151 
01392341 
0139321 
01394041 
01394841 
0139551 
0139621 
© 1397041 
01397641 
01398341 
eo 1398941 
01404441 
© 1408541 
el4117+1 
©14141+41 
eL4L61 +41 
el 417741 
el4l9l1ltl 
e142C2+1 
el421121 
oi421941 
01422641 
142891 


Isentropic Flow, y = 1.40 


AIA 


2500042 
o21069+2 
0 29283+2 
e 3164942 
oe 3417542 
o 3686942 
03974042 
042 197+2 
e46050+2 
o49507+2 
05318042 
oSTO0TT+2 
6121042 
©65590+2 
e10227+2 
oe 1591342 
e80322+2 
e85805+2 
291593+2 
e97T0142 
e 1041443 
e11093+3 
o11808+3 
21256043 
oe 13352+3 
01418443 
21505843 
o1597T7+3 
© 1694043 
01795143 
01901143 
2012143 
021285+3 
02250243 
02317643 
2510943 
e26501+3 
02195743 
02947743 
oe 31063+3 
03271943 
053594+3 
e84191+3 
e1l2T62+4 
01876144 
eo 2685444 
0 3755244 
0 5144544 
e69205+4 
9159344 
e11946:5 
el5377#5 
INFIN 
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0.00 
0.01 
0.02 
0.03 
0.04 
0.05 
0.06 
0.07 
0.08 
0.09 
0.10 
Oall 
0.12 
0.13 
0.14 
Oe15 
0.16 
O.l? 
0.18 
0.19 
0.20 
0.21 
O.22 
0.23 
0.24 
0.25 
0.26 
O27 
0.28 
0.29 
0-30 
0.31 
0.32 
0.33 
0.34 
0.35 
0.36 
0.37 
0.38 
0-39 
0.40 
0.41 
Oe 42 
Oo %3 
0.%4 
0.45 
0246 
0.47 
0.48 
0.49 
0.50 


Compressible 
% x 


M =u/u 


0.00000 
0.01155 
0.02311 
0203466 
0204620 
0.05775 
0206928 
0208081 
0.09233 
0.10385 
0211535 
0.12684 
0.13832 
0.14978 
0.16123 
0217256 
0.18408 
0.219548 
0.20686 
0.21821 
0.22955 
0.24087 
0.25216 
0.25342 
0.27466 
0.28588 
0.29706 
0.230822 
0.31935 
0.330’ 5 
0.34152 
0.35255 
0.36355 
0.37452 
G.38545 
0.39635 
0.40721 
0.41803 
0.42881 
0.43956 
0.45026 
0.46092 
02417154 
0.248212 
0.49266 
0.50315 
0.51360 
0.52401 
0.53436 
0.54468 
0.5549% 


TABLE A-l 


T/T° 


e LO000+1 
«99997+0 
©9998 7+0 
9997040 
299946+0 
©99916+0 
-99880+0 
998 36+0 
~39786+0 
©99729+0 
©99666+0 
©39596+0 
-99520+0 
099437+0 
-99348+0 
©99252+0 
©99150+0 
©99041+0 
e989 26+0 
-98805+0 
986 78+0 
©98544+0 
9840440 
© 98259+0 
~98107+0 
09719490 
9778640 
e9T616+0 
09744140 
29726040 
091073+0 
©96881+0 
e966 83+0 
e 96480+0 
»96272+0 
e96058+0 
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1.07211 
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1.21193 
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1.26218 
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6929840 
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067145840 
©671093+0 
e66728+0 
© 6636540 
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e59346+0 
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© 46861+0 
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e50348+0 
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© 108921 
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eL1LO2Z7+1 
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1.64 
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1.30872 
1.31368 
1.31859 
1.32346 
1.32828 
1.33307 
1.33782 
1.34252 
1.34718 
1.35181 
1.35639 
1.36093 
1.36544 
1.36990 
1.37433 
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1.38739 
1.39166 
1.39590 
1.40010 
1.40427 
1.40840 
1.41250 
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1242457 
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1.43244 
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1.45527 
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1.51065 


T/T? 
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oe 9352340 
«5321540 
eo 592908+0 
- 9260340 
© 5230040 
5199940 
«5169940 
e 5140140 
@ 5110440 
e50809+0 
e 50516+0 
5022440 
e499 35+0 
e49646+0 
4936040 
e490 75+0 
48 792+0 
«4851040 
oe 48231+0 
4795240 
©4716 76+0 
247401 +0 
©47128+0 
«4685740 
e46587+0 
e46318+0 
«4605240 
4578740 
© 45§24+0 
e45262+0 
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4474440 
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04372740 
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04422840 
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© 24655+0 
02430540 
2 23960+0 
e23619+0 
e23283+0 
02295240 
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e 22302+0 
o21984+0 
e2167140 
0©21361+0 
e 21056+0 
e20755+0 
22045940 
e20156+0 
© 19877+0 
e19593+0 
e19313+0 
e 19036+0 
e 18763+0 
e 18495+0 
e18230+90 
oe 17969+0 
e©17711+0 
e17458+0 
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e 1696140 
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e 1647940 
e16243+0 
e16011+0 
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e 15556+0 
e15333+0 
oe 1511440 
« 14898+0 
e 1468 540 
eo 1447540 
e 1426940 
e 14065+0 
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e13667+0 
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©12363+0 
e12188+0 
e12015+0 
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e42142+0 
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e 40370+0 
©40024+0 
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e 39340+0 
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« 37103540 
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2 3577740 
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e 35164+0 
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e 3397C+0 
e33678+0 
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« 32256+0 
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e29597+9 
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©10561+1 
el C572+1 
e1058241 
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© 106531 
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e 1068341 
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elOl22+1 
elOT32+1 
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e10780el 
elLU78941 
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041531-1 
e40588—1 
© 3967T—1 
2 39795-1 
319421 
e 37116—1 
0363171 
« 35543-1 
.28986—1 
»24076-1 
« 20309-1 
eh ?¥357—1 
e 15002=—1 
e 1393-1 
211526+1 
e L0223-1 
e91291—-2 
e82011—-2 
e 740 14-2 
«90000 


psp? 


e377186-2 
e 34590-2 
e317TCT-2 
°29104-2 
261492 
024615-.4 
e22680-2 
e 20922-~ 
0 19323=-2 
017866-2 
e 16538-2 
© 15324-2 
©14215-2 
e 13200-2 
el227T0-2 
e©11416-2 
© 10632-2 
©99108-3 
a92471-3 
e 86356—3 
e807 15-3 
e15506—-3 
2 %06934-3 
off 239-3 
-62116-3 
0582943 
054 749~—3 
e 51458-—3 
0483 59-3 
0%#5554—3 
© 4290 I--3 
~40440-3 
038141l—3 
°35996—-4 
e 33992-3 
°32122-3 
030372-3 
0287 34-3 
2 27201-3 
025 164-3 
e2441 1-3 
~14687-3 
0924 79-4 
e60511--4 
4090714 
© 28441-4 
eo 20262—-4 
2 14746-4 
»20936-4 
0 82469-5 
063132-5 
oe £89 85-5 
~QVOCO 


p/p? 
e 39424-1 
- 33598-1 
e 31893-1 
e 30298-1 
e28805-1 
e21406-1 
2 26095-1 
oe 24864-1 
o23/108—)1 
e22621-1 
e-1598-1 
e20635-1 
el9727=1 
el8@71l- 1 
e 18063-1 
eill2s9-!l 
-16578-1 
-15895-1 
2 15249-1 
14663 f-]| 
140561 
e13506-1 
0 12984-1 
-12488-1 
e12016-1 
e11568-1 
ell *4i-l 
©10735-] 


0 10348-1 


997198-2 
~9628 3-2 
329292 
e 897T29-2 
88871 2-2 
283751-2 
e 80958-2 
e 18288-2 
eo 15732-2 
o 73286-2 
© 70943=2 
-68698=2 
«50670-2 
e 38411-2 
2 29796-2 
023569-2 
e 18959-2 
a ilt475-2 
el12793~2 
©1069 T7=2 
©90336-3 
e16980=—3 
e66130-3 
2000° 0 


Fr * 


0 12084+1 
01299841 
elZlll+l 
01212441 
012126+41 
01214841 
ei2l1591] 
ei2169+1 
01217941 
e1Z2189%1 
el219841 
el2207T7+1 
01221541 
el 22231 
el2231+41 
01223841 
01224541 
e12252+41 
ei2258+)1 
o12254+1 
el2270+1 
el 227641 
o12282+1 
el2287+1 
e1229241 
el 229TH} 
elZ2302+1 
012306? 
e1l2Z2311+41 
e12 31541 
el2Z23194) 
123231 
elZ32Ttl 
0oiZ33041 
0123344] 
212337+) 
01234141 
01234441 
012347+1 
1235041 
01235341 
elZ23I77+1 
01235641 
0124104} 
0124214) 
01243011 
01243741 
01244341 
01 2448] 
01245245 
01245541 
0124581 
01248641 


+ 


A/A 


9720641 
e1lO228+2 
1075342 
e11298+2 
o11863+t+2 
0o12448+2 
01305242 
013678+2 
1432442 
el 499242 
e 1568142 
© 1639342 
01712742 
017883+2 
e18663+2 
el S467+2 
02029442 
02114542 
e22021+2 
o2e922te 
eo 23849+2 
2480042 
325717842 
«© 26 183+2 
02181442 
o288T2+2 
02995842 
03107142 
0 3221342 
03338342 
03458242 
e35810+2 
3706842 
e 38356+2 
e396 14+2 
04102342 
04240342 
04381442 
04525 7+2 
0466 132+2 
4824042 
06518342 
08576942 
o11036+3 
e13930+3 
el 729 7+3 
e21171+3 
02558 7+3 
e 3058 3+3 
-36193+3 
0424533 
049398+3 
INFIN 
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TABLE A-2 


Compressible Flow Functions for Fanno Flow, y=# 1.10 


1 PRIS Ne He 


Mo M“su/u* = T/T p/p* p/pe™ F/F* = ati*so 
0.00 0.00000 #£.10500+1 INFIN INFIN INF IN INFIN 
Ge01 02601025 21050041 .10247+3 .59915+2 .488CO0+2 9081344 
0.02 0202049 .10500+1 .51234+2 .2996242 .244C8+2 2264444 
0.03 0.03074 41050041 .34156+2 61998042 .16281+2 .100285+4 
0.04 0.04099 21049941 .25616+2 61499142 11222042 5611743 
0.05 0.05123 .10499+1 .2049342 .31998+2 .97852+1 .35705+3 
0.06 0.06148 .1049841 1707742 41000442 .816404+1 2462943 
O.07 O.O7172 21049741 141463742 28580941 27007441 21795943 
0.08 0.08196 21049741 .128C7+#2 47514241 266141341 21363643 
0.09 0.609220 .10496+1 1138342 .66852+1 .54689+1 .10677+3 
0.10 0.10244 .10495+1 .1024442 .60227+1 24931941 .85650+2 
O-ll 0611268 21049441 .93126+1 45481241 24493641 27005442 
O.l2 0212292 21049241 .8536141 .50305+1 04129241 25822042 
Ool3 0613315 21049141 27878941 14649741 23821641 64903442 
0.14 02614339 21049041 7315741 14323741 2.35588+1l 4176542 
O.15 0215362 21048841 46827541 24041641 .33316+1 .3£919+42 
O.16 0216385 .10487+1 16400241 <.3795141 23133641 63114942 
O.l7? O.17407 61048541 .60233+1 23578141 22959441 22721042 
: O.18 0.18430 1048341 .56881+1 .3385541 .28052+1 .23921+2 
O.19 0219452 .1048141 .53883+1 23213541 22667741 62114842 
3 0.20 04220473 21047941 45118441 23059141 22544641 61879042 
Oe2h 0621495 1047741 24874141 22919741 262433641 21677042 
3 0.22 0622516 41047541 24652141 22793241 22333241 61502742 
! 0.23 0623537 01047241 204449341 22678141 22242041 .13514+2 
, O2.24 02624557 21047041 24263441 22572941 22158841 012193+2 
: O25 04625577 21046741 204092441 22476341 22082741 21103342 
Oe26 0626597 21046541 213934541 22387441 22012941 21001142 
: t 0.27 0227616 61046241 23788341 22305441 11948641 29104841 
: 0.28 0.228635 .10459+1 243652541 .22294+41 21889341 08299141 
; 00.29 0229654 21045641 .3526041 22159041 .18344+1 27579941 
0.30 0230672 .1045341 3408041 .20935+1 -17835+1 069357+1 
Oo31 0631690 21045041 23297641 22032441 0 17363+1 06356941 
0.32 0632707 21044741 23194041 21975441 216923+1 058352+1 
‘ q 0.33 0033723 .10443+1L 23096741 21922041 2 16513+1 05 3637+1 
0.34 0.34739 #£.10440+1 3005141 oe 18720+1 o16130+1 049365+1 
) 0.35 0435755 .1043641 .2918841 21825141 1577241 24548641 | 
‘ , 0.36 O.36770 21043241 22837241 21781041 21543741 .41955+1 | 
f : Oe37 O637785 21642941 .276CO+lL 21739541 21512241 .38734+1 
: : 0.38 0.38799 41042541 .2686941 c.i700341 1482741 23579141 
| 0039 04639612 1042141 22617541 21663442 01455041 23309641 
0040 02040825 21041741 062551641 201628541 11428941 23062441 } 
Oe4i 0641837 01041241 .248868+1 1595541 0140431 02835441 3 
: 0042 0442849 21040841 62429141 61564341 -13811+1L .26265+1 
0043 02453860 61040441 .2372141 01534641 21359341 22434141 
! 0.44 0644870 21039941 22317741 21506641 613387+1 42256741 
0245 0245880 21039541 22265741 21479941 61319241 .20928+1 
0646 0.46889 .1039041 22215941 01454641 21300841 .19412¢1 : 
j 0.47 0.47897 41038541 22168341 21430641 21283441 1180101 | 
0048 02648904 .1038041 22122642 21407741 21266941 21671041 , 
7 0049 0.49911 21037541 22078841 2138594) 01251341 11550541 
| 0.59 0.50918 .1037041 .20367+i o13652+1 01236641 01438741 | 
; | 
A-155 | 
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AMCP 706-285 


M*s u/u* 


0.50918 
0.51923 
0.52928 
0.53931 
0.54935 
0.55937 
0.56938 
0.57939 
0.58939 
0.59938 
0.60936 
0.61933 
0.62929 
0.63925 
0.64919 
0.65913 
0.66905 
0.67897 
0.68887 
0.69877 
0. 70866 
0.71853 
0.72840 
0.73826 
0.74810 
0.75794 
0.76776 
O.77757 
0.78738 
0.79717 
0.80695 
0.8167) 
0.82647 
0.83622 
0.84595 
6.85567 
0.86538 
0.87508 
0.88477 
0.89444 
6e-90410 
0291375 
0.92338 
0.93301 
0.94262 
0.95221 
0.96180 
0.97137 
0.98093 
0.9904/ 
k.00000 
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TABLE A-2 


Compressible Flow Functions 


T/T* 


© 1037041 
e 103651 
103601 
e 1035541 
e 1034941 
010344} 
e©10338+1 
e 10332+1 
© 1032641 
e1lNI2041 
© 103144] 
© 1030841 
e 1.030241 
e 1029641 
0 028941 
« 0283+] 
© L0276+1 
eo ld27T04¢])1 
© 1026341 
© 10256+1 
e LO249+1 
0102424) 
© l10235+41 
el0227+1 
e 1022041 
el0213+41 
© 1N205+1 
© 10198+1 
©10190¢1 
e10182+1 
elDO1l74+4+] 
1016641 
e1N158+1 
1015041 
©10142+1 
© 1013441 
elN126+1 
elON1L1L7+41 
el1010941 
e19010041 
el0Q091¢1 
e 100831 
eo lN074+41 
e 10065+]) 
© 1005641 
© 10047+1 
© 1N037+1 
e 10028+1 
- l10019+1 
e LO009 +] 
e LOQ0O +1 


psp* 


o204367+1 
© 19963+1 
01957441 
© 19200+1 
e 1883941 
0 1849241 
e 1815641 
01783341 
ei7520+41} 
01721941 
e l6927+1 
1664441 
© 1637141 
1610641 
e15849+1 
© 15601+] 
e 15359+1 
1512541 
o1l48°8ti 
ol4677+1 
e £4462+1 
© 14254+1 
el4051+1 
© 13854+1 
o13661+1 
0 13474+) 
0 13292+} 
e13115+4i 
0 12942+1 
el2773+1} 
el126C9+) 
© 12448+]1 
el2291+1 
e12138+]1 
el1989+} 
e11843+1 
ell7Cl+l 
e1li561+4+1 
© 11425+1 
e11292+1 
el1l162+1 
1103441 
1091041 
elO7E8 7+) 
elC66B1 
1055141 
© 10436+1 
© 1C0324+1 
el021441 
e~lLO1C6+1 
el00CO+1 


Oe 8 Gn Os mm. 6 te 8 ee Ot 2 Oe cm ww i a | ie 2-981 Ol. ee 


for Fanno Flow, y = 1.10 

p%p°* F/F* 
- 13652+1 012366+])1 
01345441 012226+1 
e13266+1 01209341 
©1308 7+1 0o11968+} 
01291641 2 11848+]) 
012753+1 21173641 
el259T+t+1 e11628+1 
0124491 e11527+1 
01230741 © 11430+1 
212172+1 01133941 
212042+1 0112524) 
21191941 e11170+1 
-11801+1 01109241 
-11689+4])] 21101841 
e11582+])] e10948+) 
© 1148041 -10881+1 
011382+1 21081941 
°11289+1 2107594] 
e11200+1 el107C341 
elLlll1l6+1 10649) 
© 1103541 -10599+]1 
~1095941 ~10551+41 
©1088 6+1 1050641 
~ 1061741 21046441 
1075141 1042441 
1068941 ~L0387+1 
e L063041 e1C35141 
© 1057441 -10318+) 
© 10521¢1 010287+1 
01047141 210258+] 
01042541 o1C231+1 
-10381+1 2 10206+)1 
21033941 01018241 
21030141 ~10160+)1 
0102651 010140+] 
e10231+1 eld1L22+] 
210200+1 ~10tC5+1 
01017141 ~10089+) 
01014541 ~10075+1 
©10121+41 ~10062+) 
-10100+1 ~10051+]1 
-10080+1 ~l10041+} 
-10063+1 e10032+) 
-10048+1 ~1C024+] 
-10035+1 ~1C017+1 
21002441 2100124] 
~10015+1 ~100C8+)] 
- 1000941 - 100044) 
21000441 ~1C0C2+) 
~l1OCOl1+1 ~10000+)] 
-10000+1 ~LCOCO+}) 


4f"/0 


e14387+1 
e13348+1 
01238341) 
01148541 
© 10649+1 
e987T09+0 
©91459+0 
e 84703+0 
oe 18404+0 
e72529+0 
2-61049+0 
e61937+0 
©57166+0 
052714+0 
»48559+0 
446 82+0 
e41064+0 
e 376904+0 


0 34543+0 


e31608+0 
e288 74+0 
e26327+0 
0 23956+0 
©21750+0 
e19700+0 
e17796+0 
e16029+0 
e 14392+0 
e12877+0 
o11478+0 
«101 87+0 
- 89983-1 
e (9066-1 
e59063-1 
©51601-1 
©44051-1 
e37231-1 
e31103-1 
e25636-1 
e207 76-1 
el6511-1 
~12801-1 
-96195-2 
0593 79-2 
«417307-<2 
0297 33—¢2 
0 1642E-2? 
e/173C-3 
©17622-% 
eCOOCC 





i. 


a ae ee tT ee Oo a ee. ET oT ST Te Er aT OT 














AMCP 706-285 
TABLE A-2 
Compressible Flow Functions for Fanno Flow, y= |.l0 
M  M*su/u* = T/T * p/p* p/p? ™ FYF* = at so 
1.00 1.00000 e10000+1 « L00C0+1 ~lL10000+¢1 e10000+1 ~ 06000 
1.01 1.00952 099904+0 ©98963+0 ~10001+1 ~L0000+1 e17021-3 
1.02 1.01902 °99808+0 09794540 - 10004+1 ~100C2+1 © 66931-3 
1.03 1.02851 ©99711+0 09694 7+0 «10008+1 e100C4+#l °14807-2 
1.04% 1203799 ©9961 3+0 ©95968+0 2 10015+1 -10007+1 © 25887-2 
1.05 1.04745 ©99514+0 -95007+0 © L0023+1 1001141 o 39784-2 
1.06 1.05689 09941540 09406340 - 10034+1 ~10015+1 © 56357-2 
1.07 1.06633 °99315+0 093137+0 «1004641 -10021+1 © 75470-2 
1.08 1.07575 ©99214+0 092228+0 2 1005941 ~10027+1 ° 96998-2 
1-09 1-08515 9911240 91335+0 e 1007541 e10033+1 e12082-1 
1.10 1.09454 ©99010+0 290458+0 - 10092+1 -10041+1 2 14682-1 
1.11 1.10392 ©98907+0 ©89596+0 o10111+¢1 21004941 o17488-1 
1-12 1211328 -98803+0 ~88750+0 210132+1 2 10058+1 °20491-1 
1.13 1.12262 09869940 -87918+0 010154+1 © 10057+1 023681-1 
1.14 1213195 2985930 ~871C0+0 e10179+1 -10077+)1 0 27048-1 
1.15 1.14127 298488+0 ©86296+0 -10205+1 © 10087+1 2 30583-1 
1-16 1-15057 -98381+0 ©85506+0 ~10232+1 .1009941 ° 34278-1 
1.17 1.15986 09827440 08472940 o10262+1 01011041 2 38124-1 
1.18 1.16913 298166+0 2 83965+0 ~ 102931 ~10122+1 042114-1 
1.19 1.17838 ©98057+0 ©83213+0 ~10326+1 © 101351 046241-1 
1.20 1218762 ©97948+0 28247440 ~ 1036041 21014841 050497T-1 
1e21 1.19685 ©97838+0 28174640 1039741 1016241 05487T6-1 
1.22 1.20606 e97TT2T+0 28103040 e 1043541 - 1017641 2593T2-1 
1.23 1221525 ©97616+0 2 80326+0 0 1047441 el0191L+41 06397T-1 
1.24 1.22443 097504+0 e196 32+0 ~ 1051641 -10206+1 ©68687-1 
1.25 1223359 ©97391+0 °78950+0 2105591 01022141 073497-1 
1.26 1.24273 09727840 © 78278+0 - 1060441 ~10237+1 © 78400-1 
1.27 1.25186 ©97164+0 © 77616+0 ~10651+1 010253+1 083391-1 
1.28 1226098 ©97050+0 © 76964+0 2 106991 ~10270+1 0 88466-1 
1.29 1227007 09693540 »76322+0 e LO7494+1 elLO?87+L 293621-1 
t 1.30 127915 09681940 © 756S0+0 ~10801+1 ~l103C5+1 °.9885C-1 
: 1.31 1.28822 09670240 « 75067+0 - 108551 010322+1 © 1041540 
z Le32.0 1029727) =. 965 B54C =. « 445340 860 LODLI41 = 0 10 341 +1 2 10952+0 
: 1.33 1 «30630 0 96468+0 0 73848+0 - 10968+1 «1035941 011495+0 
1.34 160631532 29635040 .73252+0 e1llC27+1 21037841 1204340 
i 1.35 1.32431 09623140 © 7266540 o1108&8&+l olC397t1 o12598+0 
1.36 1.33330 -96112+0 o72086+0 o11151¢1 1041 7+1 ~13157+0 
1.37 1.34226 ©95992+0 07151540 2iL1216+1 01043641 013722+0 
1.38 1.35121 29587140 2 70952+0 e11282+1 ~ 1045641 014291+0 
1.39 1.36014 09575040 « 7039S 7+0 el1351+¢1 elC477+1- 214864+0 
1.40 1.369C6 ©95628+0 269850+0 21142141 21049741 © 15442+0 
t Le4L° 3 1237795 ©95506+0 06931040 01149341 e10518+1 e16023+0 
1.42 1.38683 © 953283+C 0 6877840 ~ 1156841 - 1054041 «16608+0 
1.43 1.39570 © 952600 0 6825340 01164441 e1C561+41 01719640 
1044 1.40454 ©95136+0 06773540 ell722+¢1 -10583+1 ~17786+0 
j 1245 1241337 ©95012+0 06722440 o11802+1 e106C5+1 -18380+0 
i246 1042218 03488740 06671540 o11884+1 01062741 -18976+0 
1.47 1.43098 09476240 © 6622140 0119691 -10649+1 01957540 
1.48 1243976 0 9463640 ©65730+0 2120551 ~l10672+¢1 »20176+0 
1.49 1044851 - 94509+0 © 6524640 0121444 21069441 eo ZQTTEFO 
1.50 1.45726 0 94382+0 3 O47ETHO olcc34el elLOT1L7Z+41 ©21383+C 


quer inrsvo PO ROO BD eT TD a oo; 


A-157 











a LRT 
. 1 


‘yl ee 


RR, YO 


Anan 


1.50 
1.51 
1252 
1.53 
1.54% 
1.55 
1.56 
1.57 
1.58 
1.59 
1-60 
1.61 
1.62 
1.63 
1.64% 
1.65 
1-66 
1.67 
1.68 
1.69 
1.70 
le7vl 
1.73 
1.7% 


1.75 


1.76 
le7T 
1.78 
1.79 
1.80 
1.81 
1.82 
1.83 
1.84 
1.85 
1.86 
1.87 
1.88 
1.39 
1.90 
L.91 
1.92 
1.93 
1.9% 
1.95 
1.96 
1.97 
1.98 
1.99 
2-00 


A-158 


AMCP 706-285 


Compressible 


Sa 
M”= u/u” 


1.45726 
1.46598 
1247469 
1.48337 
1.49204 
1.50070 


*1.50933 


1.51795 
1.52655 
1253513 
1.54369 
1.55223 
1256076 
1.56927 
1.57776 
1.58623 
1259468 
1.60311 
1261153 
1.61993 
1.62830 
1263666 
1.64500 
1.65333 
1266163 
1.66991 
1.67818 
1.68643 
1.69466 
1.70286 
1.71105 
1271923 
1.72738 
1.73551 
1.74362 
1.75172 
1.75980 
1.76785 
1.77589 
1.78391 
1.79191 
1.79988 
1.80784 
1.81579 
1.82371 
1.83161 
128394S 
1.84735 
1.85520 
1286302 
1.87083 


et oe a deere Geo & oe a 


T/T" 


©384382+0 
9425540 
©94127+0 
©93998+0 
9386940 
9 §4740+0 
©9 36100 
09347940 
9 34348+0 
09321740 
©93085+0 
9295340 
©92820+0 
-92687+0 
092595 3t+0 
09241940 
©92285+0 
©92150+0 
©92015+0 
©91879+0 
©91743+0 
©91607+0 
09147040 
©91333+0 
©91195+0 
©91057+0 
©90919+0 
~90780+0 
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ot TABLE A~2 
e Coinpressible Flow Functions for Fanno Flow, y # [.10 
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TABLE A-2 — 
. j 
Compressible Flow Functions for Fanno Flow, y= [.lO 
M M*zu/u* = 1/T* p/p* p%po* F/F* ato - | 
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} 3.30 2.72091 26798340 .24985+0 21742942 21544241 .10853+1 
| 3o32. 42073155 06769340 .24782+0 01812042 01548841 109181 
3034 3-20 74213 0» 8740440 )03—S- 0. 2458140 3 3=—. 1 88 404202 wd 1553441 0 2=— 10982 +1 
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3058 2686383 66359240 .2234540 .30323+2 .16065+1 .11705+1 
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Compressible Flow Functions for Fanno Flow, y = 1.10 
_ M  M*su/u* = T/T* psp* p°p°* Fr/F* = ati*so 

“ib 4200 4685505 25833340 21909440 27174842 11691241 .12798+1 
4eC2 3606351 «5807540 21895740 07480342 21695041 11284541 
4004 3.07191 25781740 21882140 27799142 21698741 21289241 
4.06 32608025 .57560+0 .14687+0 .81319+2 .17025+1 1293841 
4208 3608855 5730440 .1855440 .84794+2 .17062+1 1298441 
4.10 3.09678 «5705040 41842240 .88420+2 .17098+1 .1303041 
4el2 36280496 25679640 61826240 .92206+2 .17135+1 21307541 
4014 3611309 25654340 11816340 29615842 .LT172+1 21311941 
7 4elG 3612016 05529240 21603640 .10028+3 .L7208+1 1.131644) 
4e18 3012915 25604140 61790940 21045943 141724441 21320841 
; 4e20 3613714 255792+0 21778440 .10909+3 41728041 141325141 
7 4022 3014505 25554340 21766140 61137843 21731541 21329541 
: 4e24 3615291 05529640 21753840 21186843 21735041 11333741 
4026 3016072 25504940 61741740 21237943 41738541 11338041 
: ' 4e28 3016847 65480440 01729740 21291343 21742041 261342241 
C ( 4o30 3017617 05456040 21717840 61347043 21745541 21346441 
. : &o32 3018382 05431640 261706040 21405243 11749041 .13505+1 
4034 = 30 19142. 5407440) 2) 1694440 23=— 0. 1 466043 2)—-01752441 2) 01354641 
. ee 4036 3619897 25383340 21682840 41529443 .17558+1 .13587+1 
' 4038 3620647 65359340 21671440 61595543 11756241 21362741 
i 4e40 «30 21392 2 3=— 0 5335440 3=— nn LOHC140 = 0. 1 664643) 2 2=— 0 1 762541 = 61 3667 +1 
: 4e42 3022131 05311640 01648940 .17368+3 1765941 41370741 
: -_ 4e44 =. 30 22866 )2=— so 5287940) 3=—. 0: 16 37840 )28— a 1812143 =o 2769242 = = 6 1374641 
. 4246 30 23596) = 5264340 383960 1626840 2=— . 1 890T+#3S =o 772541 0 2=——-0 1378541 
4048 3.624321 05240840 21615940 41972743 .1LT758+1 21382441 
: 4.50 3625042 =e 5217440 =o 1 605140 3=—. . 2058443 2=— 01779041 = 1386241 
4.52 3625757 =o 5194140 =o. 1594540 =o. 2147843 = 1: 7H2341L = = 6.13 900641 
: 405% 93026468 =. 5170940 = 15 839402) 2241143 = 1: 785541 = 1393841 
—_ 4056 3027174 =o 5147940 =o 1573440 2 3=—- 0. 2338543 = L7BBTH1L «= «6. 1: 39-75 +1 
: : 4.58 3627875 265124940 =o 1563140 )8=— . 2440243 Sw 1791941 = 61401241 
: 4260 3628571 25102040 .15528+0 62546443 21795041 21404941 
: 4e62 3629263 65079340 21542640 42657243 11798241 .14085+) 
| 4064 3629950 25056640 61532540 62772943 41801341 2.141224) 
bebb 3630633 65034140 21522640 22893643 180444 21445741 
4.68 3631311 05011740 21512740 23019643 .18075+2 21419341 
4e70 3=—-30. 31985) = 0 4989340 =. 4502940 =o 315.243 = LBLOS#L = 84228 +1 
GeT2 = 30 32654 =o 4967140 =. 1493240 2)=— so 3288543 =. LBL 3b] «| 61426341 
4el% «3033318 =e 4945040 = 148 3640 3=—- no. 3431843 = LB SHHL = 429841 
| eT) 30 33978 = 0 4922940 =o 1474040 )2)=— 3581443 = o- 1819641 = 1433241 
4e78 =. 30 34634 = 4901040) 3 3=« 6. 1 44640 )2)— 3737543 2 © 18226+2 = 1 4 366 +1 
| 4e80 930 35285 = so 4B 79240 2) 1455240 =: 3900443 =o 1825641 = 6. 1 4 OD +1 
£682 30 35932 =n 4857540 3 3=— no L446040 8= 0. 4070543 = 1B82A5+1 = =—_ 1443441 
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3298792 
4.00000 
4.01174 
4.02314 
4.03424 
4.04502 
4205551 
4.0657' 
4.01564 
4.08530 
4.09470 
4.10385 
4.18330 
4.24515 
4229407 
4.33333 
4.36527 
4.39155 
4241342 
4243179 
4.44737 
4.46068 
4.47214 
~258258 


T/T" 


4666 7+0 
oe 45642+0 
e44643+0 
e44668+0 


427180 . 


e41791+0 
e40888+0 
e40008+0 
e 39150+0 
e 38314+0 
e 37500+0 
«36707+0 
e 35934+0 
e 35182+0 
e 34449+0 
e 33735+0 
e 33040+0 
e 32 362+0 
e 31 703+0 
© 31061+0 
e 30435+0 
e29825+0 
e29232+0 
2865 3+0 
e28090+0 
02754140 
e27006+0 
o26485+0 
o259T7+0 
029482+0 
e25000+0 
© 24530+0 
e24072+0 
e23625+0 
o23189+0 
022 164+0 
e22350+0 
e21946+0 
e21552+0 
02116740 
©20792+0 
e17500+0 
e 14894+0 
e12805+0 
0eo11111+0 
e97T222-1 
085714-1 
oe 1608 %-1 
e67»%61-1 
06!1047-1 
0551181 
©50000-1 
200000 


psp* 


e13663+0 
eo 13247+0 
1 2849+0 
eI246B+0 
e12103+0 


-e11754+0 


1141940 
e11097+0 
-10788+0 
e10491+0 
e l102C6+0 
099322-1 
©96686-1 
-94150-1 
-91708-1 
©8935 7-1 
e87091-1 
e849C8-1 
e82802-1 
e8077Tl-1 
ef8811-1 
© 76919-1 
e15092-1 
e13327T-1 
e11622-1 
e69973-1 
e68378-1 
e668 36-1 
©65343-1 
e83899-1 
e62500-1 
e61145-1 
o59833-1 
e58561-1 
05732 7%-1 
056132-1 
05497T2-1 
5384 7-1 
052754~1 
@51694-1 
°50665-1 
e41833-1 
e 35084-1 
°29820-1 
025641-1 
e22272-1 
e19518-1 
e17240-1 
015335-1 
e13726-1 
012356-1 
el1l180-1 
eQ900CQO 


TABLE A-2 


for Fanno Flow, y = I.!0 


p/p? * 


05976643 
1397343 
09153743 
e11324+4 
e14003+4 
01730944 
02138344 
22640144 
0 325 76+4 
o4O016T+4 
4949044 
26092 8+4 
e 1494844 
09211344 
el11311+5 
e13875+5 
e17005+5 
e20820+5 
2 25465+5 
«3111445 
0379 TE&+5 
°46302+5 
-56391+5 
e68603+5 
e83366+5 
e 1011946 
e12269+6 
0148596 
oi 7975+6 
e2ll20t+6 
© 26214+6 
e31602+6 
e 38053+6 
04576946 
e549 85+6 
-65981+6 
e 1/9085+6 
«94%6B3+6 
©11323+7 
013525¢7 
el6él37+7 
e88735+7 
e43863+8 
e19650*9 
©80464+9 
e 30362410 
e 10638+11 
e 34843+11 
e10735+12 
e31281+12 
e86627T+12 
ec 289Te1 3 
INE TN 


~~. 
Dw © Om ey & a. OO & = oe -we = = 


F/F* 


e18542+1 
01867941 
© 18811+1 
1893941 
2 19064+1 
1918441 
-19301+1 
01941441 
01952341 
01962941 
e19732+1 
198321 
e19928+1 
2002241 
e20113+1 
e20201+1 
e202 86+1 
2036941 
02045041 
e20528+1 
e20603+1 
o20677T+1 
o 20748+1 
2081 8+1 
e20885+1 
o20950+1 
2101441 
e2107541 
e21135+1 
02119341 
e21250+1 
e21305+1 
02135941 
e2141141 
02146141 
2151041 
0215581 
«216051 
2165041 
021695+1 
e21738+1 
e221124+1 
0 2240441 
226351 
e22821l+l 
e2297T2+1 
«2309641 
o232001 
o23287+1 
o23361+1 
02 342441 
02 34724) 
0240044) 


4afl*/o 


01472341 
e148 7541 
e15022+1 
e 1516241 
eo 15297+1 
0 15427+1 
1555141 
1567141 
01578741 
- 158984) 
«1600541 
1610941 
~ 1620841 
e 1630441 
e 1639741) 
o 164 86+1 
01657241 
e 166561 
eo 167361 
e 1681441 
oi 68891 
1696141 
e17031¢1 
170991 
1716541 
e17228+1 
e1l72901 
01734941 
1740741 
01746341 
el7517+1 
175691 
176201 
21766941 
elT71iel 
eoll7644]1 
178091 
o17852¢1 
o17895+¢1 
01193641 
e179 76+1 
e18321+1 
o 185851 
1879241 
el8957eLl 
190891 
e191 96¢l 
o19288e¢1 
0193631 
olL942741 
1l94@lel 
0 1989274) 
elise 
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ap 


0.00 
0.01 
0.02 
0.03 
0.04% 
0.05 
0-06 
0.07 
0.08 
0.09 
0.10 
O..1} 
Oel2 
0.13 
0.14 
0.15 
0.16 
O.l?7 
Q.18 
0.19 
0.20 
0.21 
0.22 
0.23 
0.24 
0.25 
0-26 
O.2/7 
0.238 
0229 
0.30 
0-31 
0-32 
0.33 
0.34 
0.35 
0.36 
0.37 
0.38 
0.39 
0-40 
0.41 
0.42 
0.43 
0.244 
0.45 
0246 
0.47 
0-48 
0.49 
0-50 


Compressible 


M*= u/u* 


0.00000 
0.01049 
0.02098 
0.04195 
0.05243 
0.06292 
0.07340 
0-08388 
0.09435 
0.10483 
0.11530 
Oel2577 
0.13623 
0.14669 
O-15714 
0-16760 
0.17804 
0.18848 
0.19891 
0.20934 
0.21977 
0.23018 
0.24059 
0.25099 
0.26139 
O-27177 
0.28215 
0.29252 
0.30288 
0.31324 
0.32358 
0233391 
0.34424 
0.35455 
0.36486 
0.37515 
0.38543 
0.39570 
0.40596 
0.41621 
0.42644 
0.43667 
9244688 
0.45707 
0.46726 
0.47743 
0.48758 
0.49773 
0.50786 
0.51797 


T/T" 


e 1100041 
e11000+1 
e11000+1 
e 1099941 
109981 
~-10997+41 
- 1099641 
109951 
109931 
10991 +1 
109891 
-10987+1 
1098441 
-10981+¢1 
el10978+1 
© 10975+1 
e10972+1 
© 1096841 
e 1096441 
e 1096041 
© 10956+1 
e 109521 
© 10942+1 
109371 
e10932+1 
© 1092641 
e10920+1 
e10914+1 
- .0908+41 
2 10696271 
e 108951 
el08391 
-10882+1 
eo lL0874+4+1 
-« 1O867+1 
© 1085941 
e 10851 +1 
21084341 
e 108351 
-10827+1 
©10818+1 
2108091 
e 108001 
elN791+1 
e10782+1 
eid? f2e7l 
el07T62+1 
e10752+1 
0 10742+1 
elidNT32+1 


psp* 


INF IN 
© 10488+3 
e 3243942 
e 34959+2 
o26218+2 
0209 14+2 
ella lite 
e149 79+2 
eo 131C64+2 
© 1164942 
e 10483+2 
952891 
e 87338+1 
e80610+1 
e 1484241 
e 6984241 
06546741 
6160641 
581731 
-55101+1 
o52336+1 
oe 498 34+1 
0475581 
@ 45480+1 
04357541 
e41822+1 
e40203+1 
e 38704+1 
eo 3731141 
e 36015+1 
eo 3480441 
o 3367141 
e 326091 
oe 31610*1 
oe 0671 +1 
© 29 184+1 
e2894T+1 
02815441 
02714031 
266901 
e26013+1 
»25368+1 
02415441 
o 24168+1 
0236091 
02307441 
e 229631 
eo 220731 
0216031 
e21152+1 
207191 


TABLE A-2 


Flow Functions for Fanno Flow, y= 1.20 


p°p? * 


INFIN 
5920642 
eo 29608+2 
0 1974442 
eo 14814+2 
e11857+2 
988661 
e 8480341 
oe 1426441 
© 6607441 
0595291 
e 54180+} 
e49T27+1 
©45965+]1 
0427451 
e 399591 
o 3752641 
0 35382+1 
oe 3348141 
eo 31783+)} 
e 30258+)1 
e28882+1 
021634+) 
oe 26498) 
oe 25459+1 
2450 TH+1 
e 2 3630+) 
2282141 
02207241 
e2lL37TT+1 
o20731#1 
201294) 
01956741 
01904141 
1854941 
- 1808 7+1 
el 7652+1 
elT243+1 
eo 16858+)] 
« 16494+])] 
1615141 
© 15826+) 
01551941 
e 1522841 
el 495241 
01469041 
el 44&4GlLtl 
0142051 
e13980+1 
0137664} 
0135631 


F/F* 


INFIN 
o4T67T9+2 
02 3848+2 
e15907+2 
0o11940+2 
039562041 
0 (9T84+1 
~-6848B8+] 
-60030+1 
05346341 
4822141 
043942+} 
-40385+1 
03738441 
oe 3481941 
0 3260441 
eo 308724) 
2897441 
e2 (471041 
2613141 
02493141 
238501 
02287341 
o21985+1 
e2l1ll7é6é+l 
e20436+1 
1975741 
e19132+¢1 
185551 
e18022+1 
ol 752941 
el 7070+1 
o 16644+1 
o16246+1 
e15875+1 
e15528+1 
eL 520441 
1490041 
01461441 
o14346+4#1 
01409441 
01385741 
~13634+1 
© 1342341 
e13225+41 
e13037+1 
01286041 
0 12693+1 
0 12534+1 
e12385+]1 
01224341 


AMCP 706-285 


ari*/o 


INFIN 
08 3241+4 
2075444 
©91875+3 
05141943 
3270943 
022558+3 
01644543 
012483+3 
091771942 
e 18365+2 
6407742 
053236+2 
044822+2 
oe 3816542 
23281142 
02844442 
0248 3842 
e2l827T+2 
0©19290+2 
0171332 
e15285+2 
01 36S1+¢2 
01230842 
eLLLOO+2 
© 10040+2 
9105641 
e82781+1 
eo 15424+1 
e68858+1 
0629T8t+1 
5 1696+1 
5293841 
e48638+1 
0 4474441 
e41209¢1 
03199241 
3505941 
3238041 
02992841 
021768041 
2561541 
ec2isfli+l 
2196941 
02035741 
e18870+1 
oi 149541 
el 622241 
eo 1504441 
- 139531 
© 1294041 


A-163 
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AMCP 706-285 


0.50 
0.5l 
0.52 
0.53 
0.54 
0.55 
0.56 
0.57 
0.58 
0.59 
0.60 
0.61 
0.62 
0.63 
0.64% 
0.65 
0.66 
0.67 
0.68 
0.69 
0.70 
0.71 
0.7/2 
0.73 
O74 
0.75 
O16 
O.T? 
0.78 
0.79 
0.80 
C.8l 
0.82 
0.83 
0.84 
0.85 
0.86 
0.87 
0.88 
0.89 
0.90 
0.91 
0.92 
Q.93 
0.9% 
0.95 
0.96 
0.97 
0.98 
0.99 
1.00 


A-164 


Compressible 


a 
M™= u/u* 


O.51797 
0.52807 
0.53815 
0.55828 
0.56831 
0.57833 
0.58834 
0.59833 
0.608 30 
0.61826 
0262819 
0.63811 
0264801 
0.65790 
QO.6677T 
0.67761 
0.68744 
0.69/25 
0.70704 
0.71681 
0.72657 
Q.73630 
0.74601 
0.75570 
0.76537 
0.77503 
0.78466 
0.79427 
0280385 
0-2-61342 
0.82297 
0283249 
0284199 
0.85147 
0.860934 
0.97036 
0.87978 
02-8891 7 
0.89853 
0.90787 
O.91L71L9 
0.92649 
0.93576 
0294501 
0.95424 
0.96344 
0.97262 
0.98177 
0.990390 
1-00000 


T/T" 


eL1O0732+1 
elOT2Z21+1 
e10710+1 
eL 0699+} 
-L10688+1 
elLO&TT+tI 
e-L0666+1 
el10654+] 
elL0642+1 
e1N630+41 
1061841 
eLO605¢1 
eLO593} 
eLid5801 
1056741 
0105544] 
010541 +41 
el N527+4+1 
1051441 
1050041 
01048641 
elLN47T24) 
©10458+ 1} 
104434] 
1042941 
01041441 
1039941 
10338441 
o1N36941 
01035441 
©10338+1 
0103234] 
el1N30741 
elLO291+4] 
102754] 
1025941 
21024241 
elLO226+1 
eLO0209+{ 
e101931 
e101 76+1 
1015941 
101424] 
eL101244+} 
elLO1LO/7+1 
elLO089+] 
eLOCT2+1 
~-10054+1 
e10036+1 
e10018+1 
e10000¢1 


Flow 


TABLE A-2 


Functions for Fanno Flow, y= !.20 


psp* 


2071941 
e20303+1 
el99C2+] 
el9517+1 
01914541 
elB787+1 
el8442+] 
e~lL81LC8+1 
el7786+1 
01747541 
el7174+1 
e16882+1 
~166C0+] 
0l6327+1 
- 1L6062+]1 
e158C5+1 
©-15556+1 
01531441 
1507931 
ol4851+1 
oe 14629+1 
0 l4413+1 
e14203+) 
13999) 
e138C0+1 
eL13607+1 
el 3418+] 
01323441 
eL3055+1 
~-l2880+1 
el2/710+])1 
0 12543+1 
e12328&1+1 
el2222+1 
el 2067+] 
ell916+1 
o11768+1 
ell623+1 
eL1482+1 
01134441 
ell208+] 
e110 76+] 
1694641] 
elL0819+1 
~L0695+1 
elL0573+1 
© 10454+) 
e1C337+]1 
e10223+1 
e10110+1 
e LOO0O0+] 


p®/po * 


o 1356341 
oi 336941 
131854) 
© 1300941 
01284141 
e12681+1 
©12529+] 
© 1238371 
01224541 
e1l2112+1] 
~-11986+1 
e1186541 
01175041 
1164041 
© 1153641 
01143641 
©11341+1 
1125041 
1116441] 
ellO081+1 
e11C003+1 
21092841 
- 1085841 
~l10790+41 
el0726+1 
e L0666+1 
© 10609) 
10595441 
1050341 
01045541 
© 1040941 
°10367+¢1 
010327+1 
102891 
© 10255+1 


27 lL0222+1 


e1019241 
e1lOL65+4+1 
© 1014041 
el10117+1 
© 1009641 
~l10077+1 
-10061+1 
e10046+}] 
- 1003441 
elOO2341 
© L001541 
« 10008+1 
© LOO04+1 
-10001+¢1 
- 100001 


F/F* 


el 2243+] 
121094] 
e11982+)1 
e11862+1 
o11748+1 
© 11640+1 
eL11537+]1 
el1l440+i 
©11348+1 
el11261+] 
elll?9+]1 
ellL1lO00+) 
e11026+1 
01095641 
- 108894} 
© 10826+1 
elO767+1 
elO711 +] 
© 10657+1 
el0607+1 
© 1055941 
105154] 
01N472+)1 
© 10432+1 
©10395+¢1 
© 10360+1 
#~=10327+1 
102954] 
© 10266+]1 
© lL0239]1 
© 10214+1 
eL01L90]1 
101694] 
© 1014841 
© L0130+1 
elO1L12+1 
elL009T7+I1 
© 10082+]) 
e10069+1 
e~lLO0O57+1 
el10047+)] 
010037+) 
e10029+1 
© l10022+)} 
e10016+] 
elO001LL+1 
«L0007+1 
e LOCO4+1 
© 10002 +1 
e LOQ0O0+} 
«e LOO00+1 


4/0 


e12940+] 
e11999+] 
© 11126+1 
© 10314+1 
295581+0 
- 88550+0 
e 82004+0 
e 15907+0 
e 10225+0 
e 64929+0 
e59992+0 
2 55388+0 
e51094+0 
©47090+0 
o 4335540 
e 39872+0 
e 36624+0 
- 33596+0 
2 30774+0 
e28145+0 
© 25696+0 
o©23416+0 
e21296+0 
© 19324+0 
© 17493+0 
~15793+0 
e©14218+0 
e12759+0 
ellL41L0+0 
© 10164+0 
-90156-1 
© 9592-1 
©6989 7-1 
e61019-1 
e52914-1 
© 45540-] 
e 38854-1 
e32821-1 
e274C3-1 
©22568-1 
-18284-1 
© 14522-1 
e11253-1 
e64510-2 
- 6091 7-2 
e41512-2 
e2607T6-2 
© l14399-2 
©62835=-3 
2 15427-3 
«00000 
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1.13 
1.14 
1-15 
1.16 
Lol? 
Le18 
l19 
Le2d 
le2l 
le2d 
le23 
1.24 
1.25 
1.26 
le2l 
1.28 
1.29 
1.30 


1.31. 


1.32 
1.33 
1.34 
1.35 
1.36 
1.37 
1.38 
1.39 
1.40 
1.41 
142 
1.43 
1.24% 
1.45 
1.46 
1.47 
1.48 
1.49 
1.50 


Compressible 


4 
M™= u/u~ 


1.00000 
1.00908 
1.01813 
1.02716 
1.03616 
1.04514 
1.05409 
1.06302 
1.07192 
1.08080 
1.08965 
1.09847 
1.10727 
1.11604 
1.12479 
1.13350 
1.14220 
1.15086 
1.15950 
1.16812 
1.17670 
1.18525 
1.19379 
1.20229 
1.21077 
1.21922 
1.22764 
1223603 
1.24440 
1.25274 
1.26105 
1.26933 
1.27759 
1.28582 
1.29402 
1.30219 
1.31034 
1.31845 
1.32654 
1.33460 
1.34264 
1.35064 
1.35862 
1.36657 
1.37449 
1.38238 
1.39024 
1.39808 
1.40588 
1.41366 
1.42141 


T/T* 


ei1N000+1 
9981840 
© 9963440 
09944940 
09926440 
o990TT+9 
e9&§889+0 
©98700+0 
©98510+0 
983190 
©98127+0 
0979 34+0 
97714040 
09754540 
09734940 
©97152+0 
e96954+0 
e96755+0 
©96556+0 
9435540 
© 9615440 
©95952+0 
©95749+0 
©95545+0 
©95340+0 
©95135+0 
«9492940 
©94722+0 
©94515+0 
9430640 
e94098+0 
e93888+0 
©93678+0 
293467+0 
09 3255+0 
9 304340 
928300 
~92617+0 
©92403+0 
©92188+40 
©91973+0 
©91758+0 
04154240 
©91325+0 
-91108+0 
-90890+0 
906 72+0 
e 9045440 
©90235+0 
e90016+0 
«89796+0 


Flow 


TABLE A-2 


Functions for Fanno Flow, y= 1.20 


p/n* 


e 1O0C0+1 
©98920+0 
-97860+0 
«968 2040 
©95799+0 
©94797T+0 
© 938 14+0 
0928 48+0 
9190040 
©90969+0 
e 90054+0 
8915440 
e882 71+0 
e874C2+0 
e 8654940 
e85709+0 
e848 840 
e840 72+0 
e832 714+0 
e82488+0 
e81715+0 
«809 55+0 
e 802 06+0 
e (9469+0 
e 7874440 
e F8030+0 
o77327+0 
e 166 34+0 
e 15952+0 
e 1528040 
e 1461840 
e 73966+0 
e 13324+0 
e 1269040 
e £2066+0 
e 7145140 
e 10844+:) 
e 10246+0 
e69657+0 
e690 75+0 
e68' 02+0 
e679 36+0 
6737840 
e668 28+0 
e 662 85+0 
e 6574940 
e652 21+0 
e64699+0 
e641 8440 
e 636 76+0 
e63174+0 


pp? ™ 


e LOOO0+1 
e 1000141 
e 1000441 
e 1000841 
e 1001441 
© 1002241 
1003241 
e 1004341 
e 10056+1 
e-l10071+41 
e10087+1 
- 1010541 
1012541 
© 1014641 
1016941 
o 1019441 
e10220+1 
o10247+#1 
e102 7641 
1030741 
e 1034C+#+1 
e 1037341 
104091 
eo 1044641 
eo 104851 
oe 1052541 
«10567+1 
el061041 
e 1065541 
elU70141 
elO0?4941 
1079941 
e 10850; 
- 109031 
°10957+41 
ellOi3+1 
el1107]1+1 
e 1113041 
e11191+4} 
01125341} 
elL31L7+1 
eo 113831 
0114501 
e11519+¢1 
1159041 
e 1166241 
e 1173641 
0611812+1 
e 1189041 
~ 11969] 
e 1205012 


F/F* 


e 1CO000+]1 
e 10000+1 
© 10002 +1 
e10004+1 
e 10006+1 
eL0010¢1 
01001441 
e10019+1 
1002441 
e 100301 
e10037+1 
«1004441 
elL0052+1 
e 100601 
«1006941 
eld007TSF1 
- 10089+1 
«l10099+1 
©101101 
elO0121+1 
elLO1L33¢1 
01014541 
©10157+41 
©10170+1 
eo LCL83+1 
1019741 
el0211 +41 
©10225+1 
© 1024041 
1025541 
© 10270+)1 
e 1028641 
© 10302+1 
e10318+1 
© 1033441 
1035141 
210367+] 
103854] 
e10402+1 
© 1041941 
oe 1C437+1 
© 1045541 
01047341 
01049241 
e 1051041 
1052941 
- 105484] 
© 10567+1 
e 105864) 
© 1060541 
1062541 
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44U*/D 


-90000 

@ 14884-3 
©58497T-3 
e12934-2 
e22599-2 
49 141-2 
e65769-2 
e84481-2 
210517-1 
el2tt2-l 
e15205-1 
e17806-1 
©20565-1 
023475-1 
©26528-1 
o297T15-1 
e33031-1 
@40016-]1 
0©43674-1 
047434-1 
e51289-1 
e55236-1 
e63380-1 
e1/1829-1 
e 16156-1 
e8054A-1 
e84996-1 
@89500-1 
©9405 7-1 
e98662-1 
© 10331+0 
e10801+0 
ell27~+0 
o11751+0 
e12231+0 
0o12714+0 
e13200+0 
213689+0 
e14180+0 
el 4674+0 
e©15169+0 
e15666+0 
e }6165+0 
«-16665+0 
e17167+0 
-17669+0 
e18173+0 
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2-50 
1.51 
1.52 
1.253 
1.54 
1.55 
1-56 
1.57 
1.58 
1.59 
1.40 
1-61 
1.62 
1.63 
1254 
1.268 
1.266 
1-67 
1268 
1.69 
1.70 
1le7l 
1.72 
lei3 
1.14 
1.75 
1.76 
le/7 
12/8 
12/9 
1.80 
1.81 
1-82 
1.83 
1.84 
1.85 
1.986 
1.87 
1.88 
1.89 
1.290 
1.91 
1292 
1.93 
1294 
1295 
1.96 
1.97 
1.58 
1.99 
2.00 
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AMCP 706-285 


Compressible Flow Functions for Fanno Flow, Yet 1.20 


% 
M” = u/u” 


2242141 
1.42913 
1243682 
1.44449 
1.45212 
1.45973 
1.46731 
12.4%7486 
1.48238 
1.48988 
1.49734 
1.50478 
1.51219 
1.51957 
1.52692 
1253424 
1.54154 
1.54880 
1.55604 
1.56325 
1.57043 
1.57758 
1.58471 
1.59180 
1.59887 
1.50591 
1261292 
1.61990 
1.62686 
1.63378 
1.64068 
1.647595 
1.65440 
1.66121 
1266800 
1.57475 
1.68149 
1.688619 
1.69486 
1.70151 
1. 70813 
1.71472 
1.72129 
1.72782 
1. 73433 
le 74081 
1.74727 
1.75369 
1. 7/6009 
Ll. 76646 
lef 728i 


tf 


T/1T* 


e 89 796+0 
¢89576+0 
e 89 355+0 
e 8913540 
e 88913+0 
e88692+0 
e88470+0 
e88248+0 
e 88025+0 
e 87803+0 
e 87580+0 
e 87 356+0 
e 87133+0 
e 86909+0 
- 86685+0 
e86461+0 
e 86237/+0 
e386012+0 
©85787+0 
©85563+0 
e85337+0 
e85112+0 
284887+0 
284662+0 
@ 84436+0 
©84211+0 
e 83985+0 
2 83759+0 
e 83533+0 
e83307+0 
-83082+0 
28785640 
e 82630+0 
e82404+0 
282178+0 
28} 952+0 
281726+0 
281500+0 
e81274+0 
28104940 
e 80823+0 
@80597+0 
280 372+0 
e80145+0 
eo 19921+0 
e 79696+0 
1947140 
e 19246+0 
e 19021+0 
eo ?87196+0 
oe 78571+0 


TABLE A-2 


v4 


p/p* 


e63174+0 
© 62679+0 


06218940 
e61707T+O 


©61230+0 
-6075'9+0 
e60294+0 
~59835+0 
°59382+0 
5897340 
@58490+0 
e 58053+0 
©57620t0 
©57193+0 
©56771+0 
e56354+0 
e55942+0 
e55535+0 
©55132+0 
0547 34+0 
@54340+0 
©53951+0 
053566+0 
05318640 
© 52810+0 
052438+0 
05207040 
5176640 
©51346+0 
e509SC+0 
e50638+0 
«50290+0 
e 49946+0 
©496C5+0 
©49267+0 
e489 34+0 
e 4460449 
4827740 
047953+0 
©47633+0 
047317+0 
«470C3+0 
© 4669 3+0 
e46386+0 
e46082+0 
04578140 
04548 3+0 
°45188+0 
e44896+0 
446C7+0 
©44320+0 


+t 
p®p° 


120501 
e12133+1 
el2218+1 


~e12304t1] 


012393] 
01248341 
01257541 
1266941 
ol 2764+) 
e12862+1 
01296241 
01306341 
el3167+41 
e13273+1 
01338041 
0134904] 
1360141 
o13715+1 
21383141 
013949] 
© 1407041 
1419241 
e1l431/+1 
0 144444] 
01457341 
01470441 
© 14838+1 
0 14974+1 
© 1511341 
© 15254+1 
1539841 


9 1554441 


e15692+1 
~-15843+])] 
015997+1 
e16153+1 
© 16312+1 
1647341 
oe 16638+1 
e 168051 
1697541 
01714841 
01732341 
1750241 
1768341 
e1/7868+1 
1805541] 
.18246+1 
e 1844041 
e18637+1 
e18837+1 


er F* 


eo 1062541 
e10644+1 
01066441 
1068441 
elL07T0441 
elO724+1 
0el074441 
el07T64+1 
2107854] 
el108C5+} 
elL0&26+1 
e108%7+1 
e~lO867+1 
1088841 
el09C9el1 
e~L0930+1 
e-10951+1 
elL097241 
109931 
e11015¢1 
«1103641 
elL11057¢1 
ellO7TO+¢1 
e11100+t1 
elll22+¢1l 
©11143+41 
e11165+1 
o1118641 
e112C8+1 
ell229¢1 
01125141 
ell273+1 
011294+1 
ell31Eé+4+1 
«1133841 
o1135941 
e11381+1 
oL14C34l1 
01142441 
01144641 
e11468+1 
1149041 
ell51l1l+l 
o11533t1 
©11555+1 
o11576+])1 
e11598+]) 
elLl620]1 
011641+1 
-11663+1 
01168441 


44"/0 


e181 73+0 
© 18677+0 
el19L824+0 
eo 19687+0 
e 2019340 
eo 2069940 
e21205+0 
e21712+0 
o22218+0 
»22723+0 
02 322940 
0237 3440 
e242 39+0 
02474340 
e252 46+0 
02574940 
© 26251+0 
02675240 
02125240 
e2/1751+0 
02824940 
o28746+0 
02924240 
o29736t+0 
e 3022940 
eo 30721+0 
© 3121149 
e 31700+0 
e321 87+0 
«326 13+0 
e 3315840 
e 33640+0 
e 3412140 
e 3460140 
« 35078+0 
e 35855440 
e 36028+0 
e 36501+0 
e 3697140 
e 3144040 
e3/71907+0 
e 383 72+0 
e 388 35+0 
e 39297Tt0 
e 397 56+0 
e402 13+0 
e 40669+0 
041122+0 
04157440 
« 42023+0 
« 4247040 
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TABLE A-2 


Compressible Flow Functions for Fanno Flow, y #® |.20 


1 bib 


> 





2200 
2202 
2204 
2206 
2208 
2-10 
2el2 
2214 


2-92 
229% 
2296 
2-98 
3.00 


% 
M”2 u/u” 


1.77281 
1e 78542 
1.79792 

81031 
582260 
1.83478 
1.84685 
1.85882 
1.87068 
1.88245% 
1.894id 
1.90565 
1.91710 
192844 
12939199 
1-95683 
1-961 88 
1.97282 
1.98367 
1.99442 
2200507 
2201562 
22902608 
2203644 
2204671 
2205688 
2206696 
2207695 
2208684 
2209665 
2-10636 
2211598 
2212552 
2213496 
2214432 
2215359 
2216277 
2217187 
2218088 
2-18981 
2219865 
2020742 
2221609 
2022469 
2023321 
2224165 
22025001 
2225828 
2226649 
22/1461 
2228266 


t/T* 


e 1857170 
e 7812340 
eo 1767540 
eo (7122840 
-~ /6781+0 
e 16336+0 
e /5891+0 
e 15448+0 
e 7500540 
e 14564+0 
« 14124+0 
e 13685+0 
« 13247+0 
»72811+0 
« 12376+0 
e 11942+0 
e 71510+0 
« 71080+0 
e 10651+0 
e10223+0 
e$9797+0 
«69373+0 
@~68950+0 
e68529+0 
e68110+0 
©67T692+0 
ef T27TT+4+C 
6686370 
©66451+0 
66041 +0 
© 65632+0 
65 226+0 
e64822+0 
© 6441940 
©64019+0 
6362140 
063224+0 
e62830+0 
2674380 
e62047+0 
26165940 
e61273+t0 
60 88940 
e60507+#+0 
e60128+t0 
°59750+0 
©59375+0 
©59002+0 
e58630+0 
©58262+0 
05 7895+0 


p/p* 


© 44320+0 
243756+0 
e 43203+0 
e42660+0 
042127+0 
e41605+0 
e41092+0 
2 40589+0 
°40095+0 
e 39610+0 
e 39134+0 
e 33667+0 
eo 382C7+0 
e377T56+0 
« 37313+0 
o 3687 8) 
e 3645040 
e 36029+0 
e 35616+0 
e 3521C+0 
e 3481040 
03441 T*+0 
e 34031+0 
e 33451+0 
2 33278+0 
e32910+0 
e 3254940 
e32193+0 
e 31843+0 
e31498+0 
e 3115940 
- 30825+0 
©3049 7+0 
e30174+0 
298550 
° 29542+0 
e292 33+0 
e28929+0 
e28630+0 
e28335+0 
e28044+0 
o217158+0 
o214T6+0 
o27198+0 
o26924+0 
© 26655+0 
2638940 
2612 ?+0 
02586 8+0 
e25614t0 
025363+0 


—_— ~~ - 4 a 


p®/p°* 


e18837+1 
019247+) 
1967141 
e 2010941 
e20560+1 
o21027+). 
215081 
«226051 
2251841 
02304841 
02345944) 
02415841 
eo 24714041 
025340+1 
0259591 
265981 
o2 (257+) 
eo21S3T+1 
286391 
02936241 
° 3010871 
e30878+1 
o31672+4+1 
eo 33335+1 
e34205+1 
e 351031 
e 3602941 
e 3698341 
0379681 
e 3898 341 
°40029+1 
04110841 
e42221+1 
04336841 
°44550+1 
0457691 
04702641 
e48321+1 
046965 7+1 
0510331 
05245241 
05391541 
05542341 
05697T#1 
05857841 
602291 
e61931+1 
06368441 
0654911 
06735441 


Fre * 


1168471 
e11728+1 
ellT771+¢) 
el1814+4+1 
e1L1856+1 
o11899¢1 
1194241 
1198441 
el 202841 
elL2068+1 
elL2110¢1 
e12152+] 
°e1L21941 
0122351] 
el2276+1 
elz3l7+l 
012358+1 
01239941 
01243941 
01247941 
01251941 
01255941 
012598} 
e12637+1 
e126 7641 
el271L5+4l 
o12754+] 
el 2792+¢1 
e12830+1 
e12868+1 
1290641 
e12943+1 
1298001 
e13017+4+1 
e 1305341 
e 1309041 
e13126+1 
e13162+4+1 
el31L97F+1 
013232441 
01326741 
e13302¢1 
01333741 
0o13371+1 
o13405¢1 
eo 1343941 
eo l347241 
e135U05S+)} 
135381 
01357141 
oe 1360441 


o-oo mm ee. ee ee = ~ ee ey 


4t"/0 


04#2470+0 
e43359+0 
e 4424040 
e45112+0 
2«45977+0 
e4@68 3240 
e471680+0 
4851940 
o49350+6 
e501 73+0 
«50987+0 
5179340 
5259040 
e 53380+0 
5416140 
e 549 33+0 
5569840 
oe 5645440 
«572030 
05194340 
e 586 7540 
*.59400+0 
e60116+0 
e60825+0 
6152540 
06221840 
e 6290440 
6358240 
e64252+0 
e 6491540 
e 655 70+0 
e 6621840 
e 6685970 
6149340 
e 6812040 
e 687 39+0 
e69352+0 
- 69958+0 
e 1055740 
e 1114941) 
eo T17344C 
e (231340 
e 1288540 
e 1345140 
e 1401140 
@ 1456440 
e 76111+40 
e 15652+0 
e 16187+0 
e 16716+0 
e 17238+0 
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Slip ledge . 
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valeciad oo 


3290 
3-02 
3204 
3206 
3-08 
3210 
3-12 
3214 
3016 
3-18 
3220 
3022 
3224 
3226 
3228 
3230 
3232 
3034 
3236 
3038 
3240 
3042 
3044 
3046 
3248 
3-50 
3252 
3054 
3056 
3258 
3260 
3062 
3264 
3266 
3-68 
3e70 
3e72 
3274 
3-76 
3-78 
3280 
3-82 
3284 
3086 
3-88 
3-90 
3292 
309% 
3296 
3-98 
4-200 
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wi 


AMCP 706-285 


Ms u/u* 


2228266 
2.29063 
2229852 
2230635 
2231409 
2232177 
2232937 
2233690 
22 34436 
2.35175 
2235907 
22 36632 
2237350 
2238062 
2.38766 
2239464 
2240156 
2240841 
2041519 
2042191 
2242857 
2243517 
2244170 
2044817 
2245458 
2246093 
2246722 
2047345 
2241962 
2248574 
2249180 
2249780 
2250374 
2250963 
2251547 
2252125 
2252697 
2253265 
2253827 
2254383 
2254935 
2.255481 
2.56023 
2256559 
2.57090 
2257617 
2258139 
258655 
2259167 
2259675 
2.60177 


i 


TABLE A-2 


Compressible Flow Functions 


iad 
T/T* 
©57895+0 
©57530+0 
©57168+0 
e56808+0 
«56450+0 
e56094+0 
©55740+0 
©55389+0 
©55040+0 
©5469 3+0 
oe 54348+0 
e54005+0 


°53665+0. 
e53327+0 


©52991+0 
©52657+0 
e52 325+0 
e51996+0 
©51668+0 
e51343+0 
5102040 
e50700+0 
©50381+0 
e50065+0 
©497150+0 
©49438+0 
©49128+0 
e48820+0 
©48515+6 
e48211+0 
©47909+0 
e47610+0 
©47313+0 
©47017+0 
©46724+0 
e46433+0 
4614440 
© 45857+0 
©45572+0 
4526940 


e45008+0 


4472940 
© 44452+0 
4417740 
@43905+0 
©436344#0 
© 434364+0 
e43097+0 
e 42 832+0 
©42569+#0 
©42308+0 


p/p* 


e25363+0 
e25115+0 
e24872+0 
2463140 
«2439440 
e24160+0 
e 2392940 
e2371C2+0 
02 3477+0 
e23256+0 
e 2 3038+0 


-e22822+0 


e22610+0 
o22400+0 
e22194+0 
e21989+0 
e21788+0 
e21589+0 
e21393+0 
e21200+0 
e21008+0 
e20820+0 
e 20634+0 
e20450+0 
e20268&+0 
e20089+0 
e19912+0 
e197384#0 
e19565+0 
e1l93S95+0 
© 19227+0 
e19061+0 
e©18897+0 
e18735+0 
eo 18575+0 
e 1841 7+0 
©18261+0 
e18106+0 
e17954+0 
e17804+0 
e17655+0 
e175C8+0 
e17363+0 
©17219+0 
el7077+0 
© 16937+0 
©16799+0 
e16662+0 
e©16527+0 
©1639 3+0 
« 16261+0 


pp? * 


067354&41 
06927341 
of1251+1 
« 7328941 
«1539041 
oe 77§54+])1 
e 1978441 
8208241 
oe 8444941 
e 8688941 
8940241 
9199141 
09465941 
09740741 
e 10024+2 
e10315+2 
© 10616+2 
© 10925+2 
e11244+2 
e11572+2 
01191042 
e12259+2 
e12617+2 
e12987+2 
01336742 
© 1375942 
©14162+2 
01457842 
e15006¢2 
el 5446+2 
e15899+2 
© 16366+2 
©16847+2 
© 17342+2 
o17851+4+2 
e18376+#+2 
e18916+2 
e 1947142 
e 2004342 
e20632+2 
021238+2 
02 186i2+2 
e 2250342 
02316442 
02384342 
0 24543+2 
0o25262+2 
©2600 3+2 
o26765+2 
02 1549+2 
028355+2 


for Fanno Flow, y # 1.20 


F/F* 


1360441 
e 136364] 
e 1366841 
e13700¢1 
e13731+41 
elL376241 
01379341 
© 13824¢)1 
0138554, 
e 1388541 
1391541 
01394541 
01397441 
© 140031 
1403241 
1406141 
1409041 
1411841 
1414641 
01417441 
01420241 
1422941 
ei 42564) 
0142831 
e14310+1 
1433641] 
© 1436341 
0143891 
01441541 
© 1444041 
°144664+]1 
01449141 
01451641 
01454041 
0145654] 
el 458941 
014614+1 
014637+1 
014661 +1 
o14685+1 
e14708+1 
e1l473141 
01475441 
el 477741 
0147994] 
01 4822+1 
014844+1 
01488641 
014888+1 
149094] 
01493141 
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e 1723840 
~ 1175540 
e 18266+0 
e 78772+0 
e 7927140 
e 1976540 
e 8025440 
e 8073740 
e81214+0 
e 8168740 
e 8215440 
e 8261640 
e83072+0 
e 8352440 
« 83970<9 
e 8441240 
e 8484940 
e 8528040 
e 85708+0 
e 861 3040 
e 865 48+0 
e 86961+0 
e 87369+0 
e877 73+0 
e881 73+0 
e 88568+0 
e 8895940 
e 89346+0 
e 8972840 
9010740 
e 9048140 
©90851+0 
9121740 
e 9157940 
9193840 
9229240 
e 92643+0 
e 9298940 
e 9333340 
©93672+0 
9400840 
oe 9434040 
946690 
949940 
°95316+0 
© 9563540 
e95950+0 
«96261+0 
e965 70+0 
e968 15+0 
eSiLttredO 
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4.00 
4.02 
420% 
4.06 
4.08 
4.10 
4.12 
414 
4.16 
4.18 
4-22 
4224 
4.26 
4.28 
4.30 
4-32 
4.3% 
4-36 
4-38 
4.40 
4242 
4244 
4246 
4248 
4.50 
4-52 
4.54 
4.256 
4.58 
4.60 
4.62 
4264 
4.66 
4.68 
4.7/0 
4.12 
4.214 
4.76 
4.78 
4.80 
4.82 
4284 
4286 
4.88 
4-290 
4.52 
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4.96 
4.98 
>eQ0 


TABLE 


Compressible Flow Functions 


+ 
M™= u/u~ 


2-60177 
2-60675 
2261169 
2261658 
2-62142 
2-62622 
263098 
2263569 
2264036 
2264499 
2264958 
2265412 
2265862 
2-66309 
2-66751 
2267189 
2.267623 
2268053 
2-68480 
2268903 
2269321 
2.69736 
2270148 
22170556 
2-710960 
2271360 
271757 
2.272150 
2212540 
2.72927 
2.273310 
2-173690 
22-74068 
2-14439 
2-14809 
2.75175 
2215538 
2.75899 
2276256 
2-14609 
2.16960 
2.77308 
22177653 
2.77995 
2278333 
2/8669 
2-719002 
2.79332 
2.19660 
22-19984 
2280306 


T/T* 


0423508+0 
042048+C 
4179140 
e41535+0 
041281+0 
e41030+0 
24077940 
e405 31+0 
204028540 
e40040+0 
- 39797+0 
» 39556+0 
e 39317+0 
e 39080+0 
e 38844+0 
e 3861040 
e 383 78+0 
eo 38147+0 
e 37919+0 
e 37691+0 
o31466+0 
037242+0 
© 37020+0 
e 36800+0 
e 365 81+0 
e 36364+0 
e361 48+0 
e 3593440 
eo 35722+0 
e 3551140 
e 35302+0 
e 3509440 
e 34888+0 
« 34683+0 
e 34480+0 
e 342 79+0 
e 340 19+0 
e 33880+0 
e 33683+0 
e 3348740 
e 3329340 
e 331100+0 
e 3290940 
oe 3771940 
e 3253140 
e 37 343+0 
e 37158+0 
e 3197340 
e 3179040 
e 3160970 
0 314290 


») 


psp* 


© 16261+¢C 
e 1613140 
-16C01+0 
1587440 
© 15748+0 
eo 1562 3+0 
e15500+0 
© 15378+0 
e15257+0 
e151 38+0 
© 15020+0 
e 1490440 
1478949 
0 1467540 
e14562+0 
e 14450+0 
e 1434040 
© 14231+0 
© 14123+0 
e14017+0 
«1391140 
- 13807+0 
eo 13704+0 
eo 13602+0 
eo 135C0+0 
eo 134C1+0 
e133C2+0 
eo 13204+0 
e131C7+0 
e 1301140 
e12916+0 
e 12823+0 
e12730+0 
e 126 38+0 
012547+0 
eo 12457+0 
e 1236840 
eo 12280+0 
e1219340° 
e 12106+0 
e 12021+0 
e 1193640 
e11853+0 
e 1177040 
-«11688+0 
- 116C6+0 
211526+0 
0 11446+9 
eo 11368+0 
e11290+0 
e112:i2+0 
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for Fanno Flow, y = 1.20 


p°pe* 


283552 
02918542 
e 30038+2 
e 30916+2 
e 3181942 
oe 32748+2 
« 3370442 
© 3468642 
e 3569742 
© 36736+2 
e 37805+2 
e 3890442 
e400 4442 
4119642 
04239142 
e 4361942 
e 4488242 
e 4618042 
4751542 
4888 7+2 
«5029742 
o51747+2 
e532 36+2 
05476842 
e 5634142 
o57958+2 
e 5962042 
6132842 
o $3082+2 
© 6488542 
o66737T+2 
e 6864042 
e 10595+2 
e 1260342 
e 14666+2 
o 16 784+2 
e 1896142 
e 8119642 
e 8349242 
e 85850+2 
e 8827142 
9075742 
93310F2 
9593142 
e 9862342 
©10139+43 
1042243 
elO0714+3 
ellOl2+3 
01131943 
~ll634+3 
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F/F* = ati*so 
01493141 29717740 
eo 1495241 9747640 

ae l497341 = 49777240 
"41499441 .98065+0 
~F8014+1 .9835440 
21593541 .98641+0 
-15055+1 - 98925+0 
~ 1507541 © 99206+0 
21509541 .99483+0 
015115+1 29975940 
© 15135+1 - 1000341 
01515441 2100301 
215174+1 1005741 
01519341 1008341 
01521271 ~ 1010941 
21523141 eo LOL35¢#1 
2 1524941 ~1016141 
2 15268+1 01018641 
1528641 21021141 
21530541 .210236+1 
21532341 21026141 
2 1534041 21028541 
2 15358%1 21030941 
-15376+1 © 10333+1 
21539341 .210357#1 
21541141 -10380+1 
01542841 21040341 
01544541 21042641 
- 154624) 2 1044941 
01547841 21047141 
01549541 2.10493) 
el551141 21051641 
- 15528+1 210537+1 
0 1554441 -10559+1 
1556041 © 10580+1 
01557641 -10602+1 
- 1559241 -10623+1 
1560741 20 10643+1 
- 1562341 0 1066441 
1563841 21068441 
2 15653+) - 1070541 
1566841 ©10725+1 
0e15683+41 elDO144+] 
201569841 eLOT64+1 
0157134] ~10783+1 
01572841 ~ 1080341 
01574241 olO082zt1 
elS5S 75741 21084141 
el5771+41 1085941 
01578541 -10878+1 
01579941 21089641 
A-169 
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HA 


* §.200 
5-10 
5.20 
5-30 
5240 
5-50 
5.60 
5-70 
5.80 
5-90 
6.00 
6210 
6.20 
6230 
6-40 
6.250 
660 
6/70 
6-80 
6.90 
71200 
Te1D 
71220 
7230 
1-240 
T2950 
% 260 
t-2/0 
7.80 
T290 
8.00 
8-10 
8-20 
8.30 
8-40 
8.50 
8.60 
8-70 
8.80 
8.90 
9-00 

10.006 

11.00 

12-00 

13-00 

14-00 

15.00 
76200 
17-00 
18-00 

19.00 

20-200 
INFIN 


A-170 


TABLE 


Compressibie Flow Functionsg 


MYs u/u* 
2.80306 
2.81874 
2.84377 
2.84817 
2.86199 
2.87525 
2-88798 
2.90020 
2.91194 
2692322 
2.93406 
2.94448 
2.95451 
2096416 
2.97346 
2.98240 
2.99102 
2099933 
3.00/34 
3.01506 
3.02251 
3.02970 
3.03665 
3.04335 
3.04982 
3.05608 
3.06213 
3.06797 
3.07363 
3.07910 
3.08440 
3.08952 
3.0944° 
3.09930 
3.10396 
3.10847 
3211285 
3.11710 
3.12122 
3.12521 
3.12909 
3.16228 
3.18752 
3.20713 
3.22265 
3.23512 
3.24529 
3.25368 
3.26069 
3.26660 
3e27162 
3.27593 
3.31662 


/T* 


e 31429+0 
e 30547+0 
02969840 
e288 790 
« 28090+0 
o21329+0 
22659640 
oe 25888+0 
oe 25Z06+0 
oe 2454B8+0 
e23913+0 
e23300+0 
e22109+*0 
0e22137+0 
oe 21586+0 
#2105340 
e 2053840 
«20040+0 
e19559+0 
e 19094+0 
« 1884440 
oe 18209+0 
©17788+0 
e 17380+0 
e 16986+0 
e 16604+0 
@ 16234+0 
e15875+0 
2 15528+0 
»15191+0 
e14865+0 
e14548+0 
oe 14241+0 
e13943+0 
013654+0 
e13374+0 
e14101+0 
e12837#0 
e12580+0 
e12330+0 
e12088+0 
e 10000+0 
e83970-1 
eo 114291 
061453-1 
25339S8-1 
e46809-1 
e41353-1 
© 36789-1 


¢ 32934-1 . 


e29650-1 
o26829-1 
- 00000 


psp* 


0eJ1222+0 
©10837+0 
21048040 
21013940 
©98148-1 
©95050-1 
-92091-1 
e89264-1 
e86562-1 
e83976-1 
e81502>1 
ef9132-1 
e 76860-1 
2 74683-1 
e12594-1 
e 70590-1 
e68665-1 
e66815-1 
©65038-1 
0633238-1 
©61684-1 
e601C1-1 
5857 7-1 
57 I1CS-1 
e55694-1 
254330-1 
e53615-1 
051745-1 
e50520-1 
04933 F-1 
©48194-1 
047089-1 
©46022-1 
©44989-1 
e43990-1 
430241 
e420881 
041182-1 
©40305-1 
0 39455-1 
e 38631-1 
e31623-1 
©26343-1 
e22272-1 
e19089-1 
e16506-1 
© 14424-1 
e1lZ2710-1 
e11283-1 
e10082-1 
©9062 7-2 
e81898-2 
e00000 


A-2 


for Fannc 


p°p°o* 


01163443 
e13338+3 
e15277+3 
olT479%3 
© 1997943 
02281343 
e26022+3 
2965143 
e 33175043 
e 3837543 
©4358 7+3 
©4945 343 
«5604943 
06345 743 
e71766+3 
e81077+3 
914° «3 
01031544 
ell 61l7+4 
e13069+4 
©1468 7+4 
2 16488+4 
oe 58492+4 
e20718+4 
2319044 
o25930+4 
e28965+4 
03232544 
« 3603944 
04014244 
04467144 
04966444 
055164+4 
061218+4 
ebT8T6+4S 
01519144 
08322244 
09203144 
©10169+5 
e11226+5 
e12383+5 
e 3162345 
e75151+5 
e16770+6 
© 354076 
e712004+6 
el3713+7 
02541447 
04550747 
e'90087 
e13340+¢8 
02195948 
INFIN 


Flow, y * {.20 


k/F* 


1579941 
e15868+1 


41593341 
215996+t1 


e16057+1 


o16115+4+2° 


el 617141 
016225¢1 
1627 7+} 
elL6327+1 
016374+1 
iL 642141 
0166651 
e16508+1 
01654941 
o1658941 
216627+1 
2 16664+1 
1669941 
01673441 
e1676741 
e1679941 
1683041 
1686041 
- 1688941 
01691641 
0 16943+1 
1697041 
e 16995941 
1701941 
01704341 
1 706641 
-17088+1 
e17110¢1 
el 713141 
01715141 
el7171+1 
e1719041 
01720842 
ell226+1 
0 }.724341 
0173931 
e17506+41 
o17595e1 
©17665+1 
ellT72liel 
eill7Té/7+l 
o1?805+1 
21783741 
01786441 
217886+1 
1790641 
e1809i¢l 


ati"/o 


21089641 
1098641 
ell071l+z 
e11152¢1 
eli2304! 
0113051 
01137641 
01144441 
01150941 
e11572+1 
e11632+4+1 
e1168941 
01174541 
e11798+1 
© 11848+1 
e 1189741 
01194441 
e119894)1 
e 1203341 
eo 1207541 
el211541 
01215441 
01219141 
el2227+i 
e12262+1 
01229641 
o12328+1 
0123591 
01238941 
0124191 
01244741 
01247441 
o12500+1 
01252641 
01255141 
e125 7441 
0125981 
© 126201 
o 1264241 
1266341 
21268341 
01285741 
© 1298841 
1309041 
e 1317041 
01323441 
oe 1328641 
eo 1332942 
oe 1336441 
01339441 
oe 1342041 
0 1344241 
o 1364741 
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0.00 
0.01 
0.02 
0.03 
0.04 
0.05 
0.06 
0.07 
0.08 
0.09 
0.10 
0.11 
0.12 
0.13 
0.14 
0.15 
0.16 
O.i17 
).18 
Ock9 
0.20 
0.21 
0.22 
0.23 
0.24 
0.25 
0.26 
0.27 
0.28 
0.29 
0.30 
0.31 
0.32 
0.33 
0.34 
0.35 
0.36 
0.37 
0.38 
0.39 
0.40 
0.41 
0.42 
0.43 
0.4% 
0.45 
9.46 
0.47 
0.48 
0.49 
0.50 


Compressible 


M*s u/u* 


0.00000 
0.01072 
0.02145 
0.03217 
0.04289 
0.05361 
0.06433 
0.07504 
0.08575 
0.09646 
0.10716 
0211785 
0.12855 
0.13923 
0.14991 
0216059 
0.17125 
0.18191 
0219256 
0.20320 
0.2138% 
0.22446 
0.23507 
0.24567 
0.25627 
0.26685 
02027742 
0228797 
0.29852 
0.30905 
0.31956 
0.33007 
0.34056 
0.35103 
0236149 
0.37193 
0.382° ' 
0.39277 
0.40316 
0.41354 
0.42390 
0.43424 
0.44456 
0.45486 
0.46514 
0.47540 
0.48565 
0.49587 
0.50607 
0.51625 
0.52641 


vT* 


01150041 
e11500+1 
01149941 
-11498+1 
01149741 
01149641 
01149441 
01149241 
1148941 
1148641 
01148341 
ell475+1 
ell47V1lel 
0o114664¢1 
1146141 
el 145641 
01145041 
01144441 
01143841 
01143141 
01142441 
e11l417+] 
e1140941 
ell40l]l7l 
01139341 
0o11385¢1 
e11376+1 
e11366¢1 
eo11357+#1 
01134741 
el1l3237+¢1 
01132641 
e1131541 
01130441 
01129341 
1128141 
1128941 
3125641 
e1l1243t1 
e11230+1 
ell1l217+4+1 
e1120441 
e1119041 
«1!175¢1 
e11161+41 
o1114671 
ell1l31¢1 
0o1111641 
e1110041 
01108441 


Flow 


TABLE A-2 


Functions for Fanno Flow, y * !.30 
F/F* 


p/p* 


INFIN 
©10724+3 
© 5361742 
o 3514442 
e26806+2 
02144442 
~17868+2 
0 15314+2 
e13398+2 
©11908+42 
e10716+2 
09740142 
8926941 
e82386+1 
e 1648641 
o71372+41 
e66895+1 
»62945+1 
5943241 
5628941 
e 53459+] 
e50898+1 
485691 
04644141 
04449141 
e4#2696+1 
0410381 
»>39502+1 
oe 36748+1 
355074} 
o 34346+1 
e 33257+1 
© 322 34+) 
e31271+1 
3036241 
«295031 
286901 
2192041 
o21189+1 
eo 2649341 
02583241 
2520241 
e 246001 
e240 26+) 
e2347TT+1 
022951+1 
02244841 
2196541 
2150241 
o21056+1 


pYpo* 


INFIN 
585262 
© 29268+2 
©19518+2 
oe 1464442 
ell 721+2 
977401 
e83840+1 
0 734231 
© 45329+1 
-58860+t1 
0535744) 
04917441 
© 45457+1 
@42215+1 
¢ 3952241 
eo 3711841 
e 35001+1 
2 331231 
e 314464) 
299401 
22858] +] 
02734941 
eo 2622T+) 
02520241 
02426241 
023396+1 
225981 
021859] 
e2117441 
020537+1 
© 19943+1 
2 19389+) 
©18871+1 
e18385+1 
ei7930+t1 
e 17502+1 
e 1709941 
©1671941 
© 1636141 
e £6023+1 
e15704+1 
e 1540141 
eo 1511541 
e 1484341 
eo 14586+1 
01434141 
01410971 
e 1388841 
e13678+1 
0 i347941 


INFIN 
046631+2 
0233242 
01555942 
e11679+2 
09353641 
e 7805141 
6700741 
58 738+1 
25232041 
0476+) 
0430144] 
e 395391 
oe 36607+1 
e34102+1 
319391 
2 300531 
0283961 
269291 
025622+1 
© 2445241 
0233981 
022 445+) 
0o21580+1 
2079241 
e20072+1 
1941141 
e18803+1 
© 18242+1 
0o17724+1 
017 244+) 
167991 
© 16385+) 
- 159991) 
e 1639+) 
0153031 
© 149394] 
0 14694%)1 
1441841 
214158+1 
139151 
© 13686+1 
0132470+1 
013267+1) 
e13075+1 
01289441 
012 724+1 
01256341) 
e12410+1 
© 1226641 
0e12130+1 
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4ti*7D 


INFIN 
o T6835+4 
019155+4 
084785+3 
04744343 
e30175+3 
2 20805+3 
01516343 
e11568+3 
e90060+2 
ef 220242 
5902042 
04902042 
04125942 
235120+2 
e30183%2 
0 26157+2 
« 22833+2 
-20058+2 
ol 7T20+2 
@ 1404042 
e 12562+2 
o11288+2 
@l10177+2 
e92C1L2+1 
e834135+])1 
7580} +1 
© 69035+1 
©62999+1 
05759641 
05274141 
4837041 
0444221 
@40848+1 
031750441 
oe 34653+1 
03196341 
0o29507+#1 
eo27259t1 
e25200+1 
0233101 
02157241 
01997341 
« 184991 
01713941 
o15882+1 
1472041 
0 1364541 
0©12648+1 
ell 724+1 
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AMCP 706-285 
TABLE A-2 


Compressible Flow Functions far Fanno Flow, y = 1.30 = 





Mo oM*suv® Ty T* p/p# p°/p?™ F/F* “an*so 
0030 = 0252641 = 110844#T = 62105641 = 61347941 = 01213041 300 117244] 
: O-51 (0653655 61106841 42062941 11328841 11200241 11086741 
Oe52 0454666 21105241 62021741 21310741 21°68041 21007141 
e335 (0055675 = 61103541 61982041 161293541 21176441 269331040 
0054 0256682 21101841 61943841 261277041 62165541 18643240 
: O55 0257687 61100142 21907041 241261441 21155241 28003549 
0656 0258689 .10983+1 .1371541 241246441 211145441 27408140 
Oo57 0259689 2.109641 21837141 261232241 261136141 26853940 
0.58 0460686 .10948+1 .1804041 141218641 21127341 06337840 
O59 (066168) = 61092941 261771941 §=9261205641 = 61119041 3 5 5856740 
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0685 02696581 .1037641 261198441 11021441 41010441 640528-1 T 
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0.94 02694722 .10154+1 21072041 .10032+1 21001541 .53956-2 : 
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0-96 0296495 21010341 41047041 21001442 21000641 2.23073-2 
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O99 0299129 21002641 241011441 «1000141 .10C00+1 .13628-3 
1-00 1200000 .10000+2 .1000041 .10000+1 .10000+1 «0000 
A-172 i 





—_— —_—_—~ = 2 = - @ngego - 
Oe tere — hry Tees es ee ES See ee i —— ae eer ot oe Oe ee = eee Ph (ocS 9 03 Sa Sea om Bo. eee ee “asf 2 na oc 





SN QS - oe 


2 TT aa 1 of yeee 
8 


sown? 


= 


Fe ot i ee 


SIS CE RT LT IT TNE TS NS 
; ‘ 


t 
r 
b 
A 





RL | GeO Be We CTT 


seer 
® 


Te D 


A Sag. +, 


Bad ehh pie aM ta vase enenwem, Vi: 7) 


PV VWF 1 0,7 


ar we 'BOle 


oF PUIG? ae. Ost. 


PO ER OTE ANT SEED VEDID CeaTTe “Wee er) pyar 


OF RRND TO ne ATR Ne RCE SF 17 Oy MD AYR PFE S'S 


«> 


a+ 


1.00 
1.01 
1.02 
1.04% 
1.05 
1.06 
1.07 
1.08 
1.09 
1.10 
lell 
Lel2 
1.13 
1.14 
1.15 
1.16 
lel? 
1.18 
1.19 
1-20 
le2l 

le22 
1.23 
1224 
1.25 
1.26 
le27 
1.28 
1.29 
1.30 
1.31 
1.32 

1.33 
1.3% 
1.35 
1.36 
1.37 
1.38 
1.39 
1.40 
1.641 

142 

1.43 

1244 
1245 
1246 

1.47 

1248 

1.49 
1.50 


Compressible Flow Functions 


M™s u/u* 
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1.00868 
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1.02593 
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1.07687 
1208524 
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1.10187 
1.11013 
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1212655 
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1214283 
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« 55236-1 
e 58856-—1 
e62535-)1 
« 66268-1 
e (0052-1 
e (3884-1 
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e816 /8—1 
e 85633-1 
« 89624-—1 
e 936481 
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e 1100240 
e 1141740 
e 11834+0 
e 1225240 
© 12672+0 
e 1309340 
e 1351640 
e 4393940 
» 1436420 
e 14788+0 
© 1521440 
e 1564040 


A-173 





—-- om a © ae. 2 UE. . es 


..¢ i oe Oe ere i 





JA 


re ged” “BN 


AMCP 706-285 


‘TABLE A-2 


Compressible Fiow Functions for Fanno Flow, y = 1.30 
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1/4 AL a 








tly .- 


: MM  M*su/u* = T/T * p/p* p°/po* F/F* = ato 
& 1650 1.39089 .8598140 .61617+40 .118954+1 .10549+1 21564040 
‘ 1.51 1.39781 085692+0 26130540 .11970+1 11056641 .16066+0 
1-52 1240469 .85403+0 .60798+0 .12046+1 .1058341 .16492+40 
1053 1641153 28511440 .6029940 .12124+1 .1060041 #£.1691940 
| 1254 1041834 .84825+0  .59805+0 41220341 .206174#1 21734540 
1.55 1642512 6 845 36+0 GH 05931840 61228441 11063441 .1777)40 
: 1256 812643186 .84247+0 .58837+0 .12367+1 11065141 .18197+0 
1257 9 1443857 8395840 © 45836240 21245141 =. 1066941 =. 1 86 2240 | 
1.58 1244524 ©83669+0 e F789 3+0 012536+1 e10686+1 2 i90474+0 
1659 1.45188 .83381+40 .57430#0 .12624+1 241070341 .19471+40 ; 
1.60 1.45848 8309340 e56972+0 01271241 o10721+1 e 19895+0 
Le6l 1246505 .82804+0 05652040 .1280341 .10738+1 .20318+0 
1062 1647159 .8251740 .5607340 41289541 .10756+1 22074040 j 
1063 1647809 .8222946 .55632+0 .1298841 .10773+1 #£.2116140 
1254 1.48455 .81942+40 .5519640 .13083+1 .1079141 #£.21582+0 
1265 1249099 8165440 .54765+0 .13180¢1 .10808+1 .22001+0 
10666 12649739 08136840 .54340+0 .13279+1 11082641 242242040 
1.67 1.50375 .810814+0 5391940 .1337941 .10844+1 .22837+40 " 
1.68 1.51008 .80795+0 .53504+0 .1348141 .10861+1 .23253+0 
1269 1251638 .80509+0 # .5309340 .13585+1  .1087941 .23668+40 
1270 14652265 .80223+0 .52687+0 .1369041 .10897+1 .24081+40 
1le7l 1.52888 .79938+0 .52285+0 .13797+1 41091541 .24493+40 
1.72 1.653508 .79653+0 .5188940 .13906+1 .1093341 .24904+0 
1073) = 1054124 =. 7936940 = o 5149740 3=—«._ 14001641 =. 6 1095041) 3=s-_ 6. 2531440 
1674 12654737 .79085+0 .5110940 .1412941 .1096841 .25721+0 | 
1075 12655347 27880140 .5072640 41424341 .109864+1 22612840 
1676 1.55954  .78518+40 .50347+0 .14635941 211004641 .26533+0 
Le7T 1.56557 .78235%0 .4997240 11447641 201102241 .26936+0 
1078 1657157 47795240 214960240 .1459641 1103941 .2733840 : 
1e79 891457754 =. T7O6TO04O )8=—_ 0. 4923540 3 3= 0 1471741 «60g LLOS74#1 0 0©=—- 0. 27738 +0 
1-80 1.58348 .77389+40 .48873+0 .1484141 21107541 .28137+0 : 
1.81 1.58938  .77108+0 4851440 .1496641 .1109341 .28533+0 
1¢82 14659525 .76828+0 .48160+0 .1509341 clllll+#1 2892940 
1.83 1260109 .76548+0 °47810+0 e 15222+1 o11li28+41 0 2932240 f 
1084 1260690 .76268+0 14746340 21535341 061114641 .29713+0 ; 
1.85 14661268 .7598940 .47120+0 .1548641 .11164+1 3010340 
1686 12661842 .757114G 14678140 241562141 21118241 43049140 E 
1.87 1662413 «7543340 .46445+0 .15758+1 241119941 .30878+0 
1688 14662981 .75156+0 14611340 .158974#1 £.11217+41 0 3126240 : 
1.89 1.63546 o 7487940 04578440 «1603841 ollL235+t1 2 31645+0 f 
2090 = 1464108 = 6 7440340 = 04545940 =. 1618241 =o L125241 = 1 3200250 
1.91 1664667 17432740 204513840 241632741 .11270¢1 2 3240440 : 
1-92 1465223 .74052+0 .44820+0 .16474+1 .112874+1 .32781+0 : 
1093) 3 = 1065775) =n 7377840) 8=—s 0 #450540 3838 1662441) = nw 1:2: 3051 «3315640 ‘ 
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1698 12668492 .72415+0 4297840 .17404+1 ¥1139241 23500340 
1.99 12669027 .72145+0 .42683+0 .17567+L 21140941 23536640 | 
20200 3 1269558 27187540 64239040 .17732+i 011427+1 2 3572840 | 
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Compressible Flow Functions for Fanno Flow, y = 1.30 
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2 52556+0 
©52131+0 
e51711+0 
@51297+0 
©50887+0 
e50482+0 
e50082+0 
e496 86+0 
©49255+0 
» 489C9+0 
e4852T+0 
04814940 
e47776+0 
047407+0 
©47042+0 
@-46681+0 
© 46324+0 
045972+0 
«© 45623+0 
© 452 178+0 
e44937+0 
© 446C0+0 
04426640 
© 43936+0 
e43610+0 
©43287+0 
0o429E7+0 
©42651+0 
©42339+0 
e 42030+0 
041724+0 
041421+0 
©41121+0 
©40825+0 


TABLE A-2 


for Fanno Flow, «<-= 1.40 


psp? * 


o11762-1 
e11830+1 
e 1189941 
ellS7041 
© 1204241 
o12116+1 
0121901 
oe l2266+1 
© 12344+1 
01242241 
eo 12502+1 
e 12584+1 
- 12666+1 
01275041 
© 1283641 
© 1292241 
e 1301041 
21310041 
e 131901 
213283) 
© 13376+1 
0 13471+1 
eo 13567+1 
e 1366571 
01376441 
0 13865+1 
eo 1396741 
e 1407041 
1417541 
014282+1 
0143901 
eo 144994} 
© 14610+1 
014723+1 
01483641 
01495241 
eo 1506941 
el5187+1 
153081 
21542941 
01555341 
e15677+1 
015804+1 
0e15932+1 


~ 21606241 


0161931 
e16326+1 
© 16461+1 
21659 7+1 
016735+1 
01687541 


F/F* 


eo lC4&B741 
e 1050241 
- 1051641 
e 1053141 
- 1054641 
e 10560+1 
eo 1057541 
e 105901 
- 10605+1 
e 1062041 
01063541 
~= 106504} 
e 106651 
elC68C41 
eiN695+1 
elQVlo+l 
eo l0725+1 
1074041 
01075541 
eld7T0¢1 
~10785+] 
e~lLO8CO+)] 
elO 81541 
e10830¢1 
e10845+1 
01086041 
01087541] 
-10890+1 
© 109051 
elL0920+i 
109354} 
- 1095041 
1096541 
el1098041 
1099541 
ei: lLlOC941 
e11024+41 
01103941 
01105441 
1106841 
e11083+1 
ellO9T+H1 
ellli2+l 
elll26¢l 
elli4l+l 
el1115541 
elll70+1 
e111844+1 
e11198+41 
ell213¢l 
elLll227+1 


4ati"/D 


eo 136C5+0 
eo 13970+0 
e 14335+0 
e 14699+0 
e 15063+0 
© 15427+0 
215 790+0 
e 16152+0 
« 1651470 
e 16875+0 
e17236+0 
el 7TE95+0 
e 17953+0 
e18311+0 
e :8667+0 
e19023+0 
0193770 
197290 
e20081+0 
e20431+0 
e20780+0 
e21128+0 
e21474+0 
e21819+0 
0o22162+0 
e22504+0 
022844+0 
e23182+0 
023519+0 
e23855+0 
02418940 
024521+0 
©24851+0 
e25180+0 
e2550/7+0 
029832+0 
e26156+0 
e26478+0 
©26/798+0 
eo27116+0 
e2 1433+0 
e27148+C 
e28061+0 
e28372+0 
e28681+0 
2 898940 
©29295+0 
2959940 
°29901+0 
e30201+0 
e30500+0 
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3-00 
3-02 
320% 
3206 
3-08 
3210 
3e12 
3214 
3216 
3-18 
3-220 
3e22 
3024 
3226 
3228 
3230 
3232 
3.234 
3236 
3.38 
340 
30%2 
3244 
3046 
3-48 
3-50 
3252 


3254 


3-68 
3-70 
3e7%2 
3274 
3-76 
3-78 
3-80 
3.82 
328% 
3-86 
3-88 
3290 
392 
3294 
3-96 


3.98 


4.00 


A-184 


AMCP 706-285 


Compressible Flow Functions for Fanno Flow, y= 1.40 


M2 u/u* 


1.96396 
1.96861 
1.97319 
1.97772 
1.98219 
1.98661 
1.99097 
1.99527 
1.99952 
2.00371 
2.00786 
2201195 
2201599 
2.01998 
2202392 
2.02781 
2203165 
2.03545 
2.03920 
2.04290 
2204656 
2.05017 
2205374 
2205726 
2.06075 
2206419 
2.06759 
2.07094 
22007426 
2207754 
2208077 
2.08397 
2208713 
2 209026 
2209334 
2.09639 
2.09941 
2210238 
2.10533 
2210824 
Z2el1111 
2.11395 
2.11&76 
2011954 
2212228 
2212499 
2012767 
2.13032 
2013294 
2.13553 
2.13809 


TABLE A-2 


T/T* 


©42857+0 
»42492+0 
e42130+0 
o41772+0 
©41418+0 
e41.068+0 
04072140 
e40378+0 
e40038+0 
e39703+0 
e 39376+0 
e39C41+0 
© 38716+0 
« 38394+0 


e 38075+0. 


237780+0 
23744840 
23713940 
2 36833+0 
23653140 
03623240 
23593640 
23564340 
23535340 
23506640 
23478340 


e34502+0 . 


© 34224+0 
e 3394940 
e 3367740 
e 3340R8+0 


o33141+0 — 


e32877+0 
e 32617+0 
e 3235840 
e32103+0 
e31850+0 
«© 31600+0 
e31352+0 
e31107+0 
e 30854+0 
© 3062440 
e30367+0 
e30151+0 
e29919+0 
e29688+0 
e29460+0 
e29235+0 
e29011+0 
e28790+0 
e28571+0 


p/p* 


e21822+0 
e21585+0 
e21351+0 
e21121+0 
e208S5+0 
»20672+0 
e20453+0 
e20237+0 
02002440 
© 19814+0 
e196CB+0 
e 19405+0 
©19204+0 
©19007+0 
e18812+0 
© 18621+0 
eI8432+0 
e18246+0 
e18063+C 
1788240 
el77TC4+0 
©17528+0 
e17355+0 
e17185+0 
e17016+0 
©16851+0 
216687+C 
© 16526+0 


+6 16367+0 


© 1621040 
e 1605540 
e 15903+0 
e15752+0 
e 15664+0 
e 15458+0 
© 15313+0 
015171+0 
e15030+0 
e 14892+0 
e14755+0 
e14620+0 
© 14487+0 
© 14355+0 
e 1422540 
©14097+0 
e13971+0 
«13846+0 
0 13723+0 
e 136C2+0 
e13482+0 
21336370 


pp? * 


0423464) 
04316041 
04398941 
© 4£4835+1] 
© 45696+)1 
04657341 
04146741 
0e48377+1 
e 4930441 
o50248+1 
5120941 
5218941 
© 53186+1 
5420141 
05523441 
© 56286+1 
057357+1 
oe 5844841 
o59558+1 
e 6068 7+1 
06183741 
e63007+1 
06419741 
«65409+1 
©6686424+1 
067189641 
©69172+1 
e 1047041 
e11791+1 
e 7313441 
e 1450141 
e 1589141 
eo 7730441 
e (874241 
e 80204+1 
e 8169041 
e83202+1 
0847391 


| @€86302+1 


-87890+)} 
e 895061 
09114741 
9281641 
9451341 
9623741 
9798941 
e99TTOF1 
© 1015842 
© 1034242 
© l1052942 
e1lQ7194¢2 


F/r* 


el 236641 
012383+41 
el124C0+1 
el24l1l7+1 
01243341 
0124501 
21246641 
0 12482+1 
01249841 
01251441 
oe 1253041 
© 1254541 
©12560+41 
01257541 
01259041 
1260541 
el26194} 
e 1263441 
0126484) 
01266241 
1267641 
e1269041 
01270341 
el2717+4+1 
el273041 
0127431 
01275641 
12 769+) 
o12782+1 
0127944) 
el 28CT+)1 
01281941 
0128314) 
012843] 
e128554]1 
el 2867+) 
el 2879+] 
e12890+1 
el29C2+1 
01291341 
01292441 
0129354) 
0129461 
e12957+1 
el2967+) 
e12978+1 
«l2988+)] 
1299941 
0130994) 
01301941 
© 13029+] 


ato 


052216+0 
e 52516+0 
e52812+0 
e 53105+0 
e 53393+0 
e 53678+0 
e 53958+0 
e542 35+0 
° 5450940 
e 54778+0 
e 9504440 
©55307+0 
e 55566+0 
e 55822 +0 
e 3607440 
e56323+0 
@ 56569+0 
e 36812+0 
e 57051 +0 
e57287+0 
°57521+0 
e57751+0 
e57978+0 
© 58203 «0 
o 58424+0 
e 98643+0 
°58859+0 
e59072+0 
e39282+0 
2 59490+0 
« 59695+0 
2 59898+0 
e60098+0 
e 60296+0 
©60491+0 
e60684+0 
e60874+0 
e 61062 +0 
© 61247+0 
©61431+0 
e61612+0 
°©61791+0 
e 61967+0 
e62142+0 
e62314+0 
e$42485+0 
e 62653+0 
e62819+0 
eo 62984+0 
2 63146+0 
e 63306+0 
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4.00 
4.02 
4.0% 
4.06 
4.08 
4.10 
4.12 
4014 
4.16 
4.18 
420 
4.22 
4424 
4026 
4.28 
430 
4.32 
4034 
4-36 
4.38 
4.40 
4042 
4044 
4246 
4248 
4.50 
4052 
4.5% 
4.56 
4-58 
4.40 
4262 
4.64 
4.66 
4.68 
4.70 
4.72 
4.74 
4.76 
4.78 
4.80 


4.82 


4.84 
4-86 
4.88 
4.90 
4292 
4294 
4.96 
4.98 
5.00 


M*s u/u* 


2.13809 
2214062 
2214312 
2214560 
2214804 
2215046 
2215285 
2215522 
2.215756 
2.15987 
2216215 
2216442 
2216665 
2.16886 
2217105 
2217321 
2217535 
2.17747 
2217956 
2218163 
2.18368 
2.18571 
2218771 
2218970 
2219166 
2.19360 
2219552 
2219742 
2219930 
2220116 
2220300 
2220482 
2220662 
2220841 
2221017 
2021192 
2221365 
2221536 
2021705 
2021872 
2222038 
2222202 
2222365 
2222526 
2222685 
2022842 
2222998 
2223153 
2023306 
2.23457? 
2.23607 


TABLE A-2 


Compressible Flow Functions 


/T* 


2857140 
e 2835540 
o27928+0 
eo27718+0 
e 27305+0 
e271101+0 
2689940 
e 2669940 
e 2650240 
e 2630640 
e 2611240 
eo 2592140 
e 2573140 
oe 2554340 
eo 2535740 
e 2517240 
e 2499040 
e 24809+0 
0 24631+¢9 
o 2445340 
e 24278+0 
e 2410540 
e23933+0 
eo 2376240 
e 2359440 
02342740 
e 23262+0 
e 23098+0 
e229 3640 
2277540 
02261640 
2245940 
e 22 303+0 
022148+0 
e21995+0 
e 21844+0 
e 2169440 
2154540 
121398+0 
e21252+0 
e 211080 
e 20965+0 
e 2082340 
e 2068340 
e 2054340 
e 20406+0 
e20269+0 
«2013640 
e 20000+0 


p/p* 


e 1336340 
e 13246+0 
0 1313%+0 
©13017+0 
e 1290440 
e 1279340 
e 1268340 
e12575+#0 
1246740 
e12362+0 
e1225#+0 
e 1215440 
e12052+0 
1195140 
e 1185240 
e11753+0 
«11656+0 
e 1156040 
e 11466740 
©11372+0 
©11279+0 
e11188+0 
e11098+0 
ellO0C8+G 
«© 10920+0 
© 10833+0 
«1074640 
e 1066140 
©l10577+0 
e 1049440 
104110 
e10330+0 
e 10249+0 
© 1017040 
e 10091+0 
© 1001340 
099 363-1 
@98602-1 
©97850-1 
©971C6-1 
©96371-1 
© 949 24-1 
e94212-1 
©93509-1 
092124-1 
©91443-1 
907691 
2901C2-1 
oe 89443-)} 


pp? * 


©1071942 
e 1091242 
©11108+2 
e11307+2 
01150942 
ei1715+2 
e 1192342 
212135+2 
01234142 
e 1256942 
e12792+2 
01301 7+2 
eo 13246+2 
01347942 
01371542 
e 1395542 
01419842 
0 1444642 
e14696+2 
oe 1495142 
e15210+#2 
0 1547242 
© 1573942 
e16009¢#2 
©16284+2 
e 16562+2 
e 16845+2 
01713242 
01142342 
e17718+2 


e186018+2 


© 18322+2 
e18630+2 
e 1894342 
e19261+2 
0 19583+2 
1990942 
eo 2024142 
02057 7+2 
2091842 
021264+2 
02161442 
e21970+2 
022331+2 
o22696+2 
02306 7+2 
e 2344342 
o23824+2 
2421142 
« 2460 342 
a2 5000+2 


ee ee ee em ee 8 a ee em. = ae ow ee 


for Fanno Fiow, y # 1.40 


F/F* 


1302942 
e13039¢1 
01304941 
e13058+1 
130684] 
el307 741 
01308741 
e1 309641 
0131051 
01311441 
01312341 
el 31321 
e1314l1l+4l 
01315041 
01315841 
01316741 
013175¢1 
o13184+1 
01319241 
1320041 
el 320841 
01321641 
el 3224+1 
013232+1 
0132404] 
o1l32474+1 
013255+1 


—6e 1 326241 


e1 327041 
el 327 7+1 
e13285+1 
01329241 
01329941 
01330641 
01331341 
01332041 
el 3327+] 
01333441 
013340+1 
01334741 
01335441 
013360¢1 
eL 336741 
01337341 
01338041 
021338641 
01339241 
0133981 
0134041 
013410+1 
01341641 
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4ati"/o 


e63306+0 
e63465+0 
e63622+0 
e63776+0 
6392940 
«6408040 
e642 3040 
©64377+0 
©64523+0 
-64668+0 
©6481 0+0 
6495140 
«6509070 
e65228+0 
e65364+C 
«6549940 
6563240 
e 6576340 
e66022+0 
6614940 
e 662 7540 
e66399+0 
e66522+0 
6664340 
e66763+0 
e66882+0 
«6700040 
6711640 
e67231+0 
6734540 
e67457T+0 
e6756940 
6767940 
6778840 
e67895+0 
e68002+0 
«6810740 
«6821140 
e68315+0 
e68417+0 
-68518+0 
e68618+0 
©§8716+0 
6881440 
6891140 
6900740 
e69102+0 
e69196+0 
«£92 88+0 
6938040 
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$.00 
5.10 
5.220 
5.30 
5.40 
§.50 
5460 
5-70 
§.80 
5.90 
6.200 
6210 
6.20 
6-30 
6240 
6.50 
6.60 
«70 
6-80 
6-90 
7200 
T-10 
T1220 
7-30 
T7240 
T1250 
7-60 
T7270 
7-80 
1-90 
8.00 
8.10 
8.20 
8.30 
8.40 
8.50 
8.60 
8.70 
{ 8.80 
8.90 

9-00 
16.00 
11.00 
: 12-00 
13.00 
14.00 
15.00 
16.00 
17.00 
18.00 
19.00 
20.00 
INFIN 
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+ 
M™=s u/u” 


2223607 
2224334 
2025026 
2025685 
2226313 
2226913 
202 1484 
2228030 
2228552 
2229051 
2029528 
2.29984 
2230421 
2.30840 
2231241 
2031626 
2231996 
2232351 
2232691 
2233019 
2233333 
2633636 
2.33927 
2234208 
2234478 
2234738 
7234989 
2235231 
2235464 
2235690 
2235907 
236117 
2.36320 
2.365136 
2236706 
2236889 
2237067 
2237238 
2237405 
2237566 
2e37TT22 
2239046 
2 240040 
2 «40804 
2241404 
2241883 
2042272 
2242591 
2042857 
2242081 
2243270 
2 043432 
2044949 


T/T* 


e 2000040 
e 19349+0 
el 872740 
21813240 
e 1756440 
21702140 
2 1650240 
e 1600440 
e15528+0 
1507240 
e 4463440 
e 1421540 
e13812+0 
e 1342640 
2 13055+0 
21269840 
« 1235640 
e 1202640 
oe 1171040 
e 1140540 
e11111+40 
-10828+0 
e 1055640 
e 1029340 
«1004040 
097959=—1 
e95602—1 
©93327T—1 
911301 
e89N08—1 
«86957—1 
e849 741 
e8305T—1 
e81202—1 
e7940T=1 
e77670-1 
e 15988—1 
eo 74359-1 
oe 72780—-1 
e71251l—1 
e69768— 1 
051143—1 
0476191 
e 4£0268-1 
e 34483—1 
e2985l=-1 
260871 
022989-1 
e20408-1 
e18237=—1 
e16393-1 
014815—1 
«00000 


TABLE A-2 


Compressible Flow Functions for Fanno Flow, y #2 |.40 


p/p* 


oe 89443-1 
e 862491 
e83220—-1 
e80344-1 
ef76h1l—1 
e 15013-1 
« 12540-1 
e70185-1 
e6794l-1 
e65800—1 
e63758-1 
e61807—-1 
e59943—1 
e5816l—-1 
e 56455-1 
» 454823-1 
e 532591 
«51 760-1 
-50323-1 
e£8943-—\ 
476191 
0o46347%1 
e45125-1 
e43950—1 
e42819-1 
e41 731-1 
406841 
3967151 
e 38702—1 
eo 371765-1 
e3686)1—1 
e 35988-1 
e 351461 
e 34332-1 
«335471 
0327871 
e 32053—1 
e 31343-1 
« 30657—1 
e29992-1 
0 293481 
2239051 
e 198381 
e16723-1 
e142 84-1 
01234l-1 
0107681 
©94762-2 
e840 34-2 
e 150252 
~61388—2 
608582 
90000 





p°;p? * 


2500042 
2106942 
«2928372 
e 3164942 
oe 3417542 
o 368692 
e 3974042 
e4279T+2 
4605042 
4950742 
e 5318042 
e5T07T7T+2 
@61210+¢2 
oe 6559042 
e (0227+2 
e 7513442 
© 803222 
e 8580542 
«9159342 
e97T0142 
e 1041443 
e 1109343 
1180843 
eo 1256673 
e 13335243 
0 1418443 
e 1505843 
21597743 
e 1694043 
e 1795143 
01901143 
2012143 
eo 2128543 
e 2256243 
o237T643 
e 2510943 
02650143 
02195743 
029471743 
e 3106343 
eo 3271943 
e 5359443 
8419143 
© 1276244 
eo 18761744 
oe 2685444 
eo 3755244 
05144504 
«6920544 
09159344 
ell946+45 
eA537745 
INFIN 


f/F* 


0 1341641 
« 134464) 
0134734) 
e 135004) 
oe 1352541 
e 135494] 
0135724) 
01359441 
2136154} 
e 136354) 
0136551 
e 1367341 
«1369141 
s13708+) 
0137244) 
oe 1374041 
01375541 
o1376941 
01378341 
01379741 
eo 1381041 
0 13822+1 
0138341 
e 1384541 
01385641 
0138674} 
e1l3 87741 
e13887+)1 
01389741 
«1390641 
© 139154] 
0139231 
01393241 
e139404]1 
01394841 
eo 1395541 
oe 1396241 
© 1397041 
2139764) 
01398341 
2 1398941 
oe 1404441 
e 1408541 
ol 411741 
oe 1414141 
01416141 
el 417741 
01419141 
0 14202¢1 
el 421141 
© 1421941 
oe 1422641 
e 1428941 


4/0 


e 69380+0 
©69826+0 
e 10249%*0 
e 10652+0 
e 71035+0 
e 71400+0 
e 71748+0 
e72080+0 
e 12397+0 
o1269940 
e 12988+0 
e 13264+0 
e 13528+0 
e13780+9d 
e 14022+0 
© 1425440 
o 1447740 
e 14690+0 
oe 14895+0 
e 7509140 
e 1528040 
e 1646240 
e 15636+0 
e 7580440 
e 15§966+0 
e 7812140 
e 7627140 
e 76416+0 
e 1655540 
e 1668940 
e 16819+0 
oe 1694440 
e 17065+0 
oe 7718240 
e 77295+0 
« 1740440 
e 1750940 
e 77611+0 
e 7771040 
e 17806+0 
e 17899+0 
e 7868340 
e 19270+0 
e 1972140 
@ 8007T4&+0 
e80356+0 
2 80584+0 
e8G6772+0 
e 80928+0 
e 8105940 
@81170+0 
e81265+0 
e 8215140 
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; § 

; Compressible Flow Functions for Fanno Flow, y= !.67 4 

: + Ri 

| M  M*zu/i* = 1/T* psp* pp? F/F* = ati*so | 

: a > oo 

: op 0.00 0.00000 ~~ .1.3350+1 INFIN INFIN INF IN INFIN 2 

: f * OedL 601155 .13350#1 01155443 25623542 24328142 .59803+4 

. 7 0.02 OeC2311 2133481 25776742 62812342 22165042 21490444 

4 0203 0203466 01334641 6385C8+2 21875542 21444442 16593643 | 

= 0.04 0204620 61334341 12887842 61407342 .10845+2 .36874+3 

F 0.05 6.05775 41333941 .23099%2 21126542 .86873+1 12343643 

0206 0206928 1.133344) 061924542 19394341 27251441 21614743 i 

t Oc07 O208081 01332841 01649242 28059341 26227541 21175843 

= 0.08 0.09233 3332141 21442742 47058941 .54612+1 48915542 | 

: : 06.09 0.610385 .13314+1 ol2821+2 26281741 24866741 26970642 

| Col10 0011535 061330541 61153542 .56607+1 .43923+1 .55828+2 

ee Oell 04612684 01329641 61048342 65153341 4005441 .45588+2 

: O.12 0213832 11328641 29605441 64731041 23684041 63782242 - | 

; 0.13 0014978 61327541 68862841 04374441 23413141 23179842 | 

0214 02016123 01326341 48226141 44069241 23181841 .27035+2 

; OolS O0el7266 061325041 67673941 43805241 22982141 .23206+2 | 

: 0.16 0.18408 .1323641 «7190641 23574741 .28063+1 .20086+2 

Oel7 0219548 613222¢1 16763941 23371841 22655641 21751142 

b ; 00.18 220686 61320741 16384541 23191941 22520641 21536342 ) 

| sO 0019 0021821 01319041 66044741 03031341 22400441 21355542 

| 0.20 0422955 .1317341 15738841 22887141 42292941 21201842 
O21 0024087 01315641 25461841 22757141 242196342 21070442 | 
. Oe22 0625216 e1313741 «5209941 22639241 2.210904) 9570541 } 
0023 0026342 e1312841 24975641 42531941 22029841 8587941 | 
: 0.24 0627466 01309741 44768541 62433941 41957741 67731141 
0.25 0028588 .13076+1 e4574141 22344041 21891941 .69800+1 
0026 0629706 01305441 14394541 42261441 218317+1 .63186+1 ) 
| 0.27 0630822 01303241 64228041 22185241 21776341 .57335+1 
| 0.28 02451935 .1300841 140735441 2114741 21725341 25214041 | 
0.29 02633045 61298441 23926241 242049441 21678341 .47510+1 
02.30 0634152 21295941 23794641 21988641 21634841 0433691 
Oe3l 0035255 01293441 03668641 61932141 21594541 .39656+41 | 
0.32 0.436355 .1290741 43550341 41879441 1557141 23631241 
0.33 02637452 21288041 23435141 2183014L 201522341 23329641 | 
; 0234 0238545 41285241 23334441 .17839+1 61489941 23056941 | 
0035 02639635 01282441 063235541 21740641 01459741 22809741 } 
0.36 0640721 21279541 23142041 e1700041 61431541 22585241 : 
0.37 0641803 41276541 .30535+1 21661841 21405141 2380741 | 
0.38 0.42881 01773441 8 22969641 © 16258+1 0 13804+1 02194341 | 
: 00.39 0243956 .12703+1 2 288S9+1 1591941 0 13573+1 02023941 | 
0.40 04645026 .21267141 22814141 261559941 21335641 1868041 
0.41 0646092 .1263841 22742041 21529741 21315241 .17251+41 | 
0642 0.47154 241260541 22673241 .1501L41 21296141 21593941 | 
0043 0048212 21257141 262607541 01474041 21278141 01473341 ) 
: 0244 0.49266 21253741 62544741 21448441 1261241 .13623+1 | 
0.45 0650315 21250241 22484741 061424241 01245341 21260141 : 
0046 02651360 61246641 02427241 21401141 61230341 21165841 ) 
| 0047 0652401 01243041 02372141 21379341 01216241 .10787+1 ! 
0248 0.53436 41239341 02319341 241358541 01202941 .99823+0 | 
| 0049 9054468 61235641 22268541 21338841 21190341 29237940 . 
C250 0.55494 .1231841) 242219841 61320141 117854) 8548840 
{ ! 
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TABLE A-2 


Compressible Flow Functions for Fanno Flow, y = |.67 


TN UE cor nS 


*% 





M  ow*su/u* —s-Y/T p/p* pope ™ F/F* = at*s0 
! 0656 0.55494 .12318+1 02219841 01320141 .11785+1 .85488+0 : 
0.51 0.56516 .12280+1 02172841 .13023+1 .11673+1 «7910440 : 
0652 0.57533 .12241+1 e212774+1 | 21285341 = o11567+1 27318640 : 
; 0053 0.58545 21220241 62084241: “o2299241 61146841 6769640 : 
} 0.54 0.59552 .12162+1 02042241 % 21253841 1137441 .62601+40 : 
| 0655 0.605546 21212241 .20018+1 *'.12392+] .11285+1 .57870+0 
‘ Oe56 04661551 21208141 019627+1); 21225341 011201+1 0534 74+0 | 
7 0657 92662543 .1204041 .192504+1; .12120+%1 .11122+1 14939040 
i 0.58 0.63530 01199841 01886541 =.1199441 ol FO47+1 © 45593+0 
0059 0.64512 21195641 018533+1 1187341 .10976+1 .42062+0 | 
0.60 0.65489 .11913+1 o181914+1 1175944 .10909+1 .38778+0 | 
00.61 0.66460 £.11870+1 01786141 01164941 .1084641 .35723+0 
0062 0.67426 .11827+1 01754141 01154541 .1l0787+1 .32881+0 
0663 0.68387 21178341 21723041 21144641 .10731+1 «3023740 
0064 0.69342 .11739+1 61692941 1135241 ©10678+1 .27778+0 
0065 0.70292 .11695+1 ol6637+1 1126241 .10628+1 62549046 
0666 O.f1237 21165041 061635441 .LLI76+1 2105814+1° 42336140 
00667 O.72176 .11605+1 216078+1 .11095+1 .10536+1 1421383+0 
0068 O.73110 21155941 21581141 o11018+1 .10495+1 .19543+0 
0669 0.77938 61151441 el5551+1 21094441 241045541 .17834+0 
C.70 0.74961 .11468+1 2 15298+1 01087441 .10418+1 .16246+0 
O-71 O.75878 011421+1 015052+1 .10808+1 .10383+1 .14772+0 
Oo72 O.76789 1137541 01481341 21074541 .10351+1L .13405+0 
0-73 O.77695 .11328+1 01458041 .10685+1 .10320+1 .12137+0 
0074 0.78596 211281+1 01435341 1062941 21029141 .10962+0 ‘ 
0675 0.79490 21123341 01413241 21057641 .10265+1 .98752-1 : 
0076 Oc80379 eolll86+l 061391641 01052541 241023941 .88704-1 | 
0.77 0.81263 .11138+1 e137C6+1 010478+1 .10216+1L .79425-1 | 
0.78 0.82140 .11090+1 01350141 11043341 .10194+1 .70869-1 i 
O079 0.683012 41104241 2133C1+1l 61039141 21017441 .62992-1 , 
0.60 Ge83878 1099341 2131C6+1 261035141 «1015541 .55752-1 a 
0.81 0.84739 .10944+#1 012916+1 01031441 olO137+#1 249112-1 
Co82 8 0.85594 .10896+1 01273041 41027941 21012141 .43034-1 
0683 0.86443 .10847+1 21254841 21024741 «.10106+1L .37486-1 
0084 0.87286 #£.10798+1 01237041 ol10217+1 21009341 .32435-1 
0085 0.88124 .10748+1 0l2197+1 21018941 .10080+1 .27854-1 
0686 0.88955 .1069941 .12028+1 21016341 .1C069+1 .23712-1 
0.87 0.89782 .10650+1 41186241 21013941 .10058+1 .19986-1 
0088 0.90602 #.10600+1 oll 7CO+] o10'18+1 01004941 016651-1 
0.849 0.91417 # .10550+1 ol11541+1 ol 98+1 2004041 #£.13683-1 
0690 0.92225 21050141 01138641 -10081+1 ©1C033+1 .11062-1 
0.91 0.93029 .10451+1 01123441 1006541 .10026+1 .87662-2 
0052 0.93826 .1040141 .11085+1 21005141 .10020+1 - .67782-2 
0.93 0.94618 41035141 +.1094C+#1 .10039+1 .10015+1 .50795-2 ! 
0094 0.95404 .10301+1 -107S7+1 o100z28+1 e1G011+1 .36535-2 : 
0.95 0.96184 .10251%1 .10658+1 21001941 .10008+1 .24844-2 ‘ 
0.96 02496958 .10201+41 elCS5214#1 .10012+1 oLOO0O0S5+i .15572-2 | 
0.97 O.97727 21015141 010387+1 21000741 210003+1 .85804-3 
0.98 0.98491 elOL00#+1 .10255+1 e10003+1 .1C001+1 .37362-3 
0699 0.99248 .1005041 .10126+1 »10001+#1 .10000+1 .91528-4 
1.00 1.000CC .LOCOO+F) 2 100CCtH1 -10000+1 210000+1  .00000 
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TABLE A-2 x 
| ‘, Compressible Flow Functions for Fanno Fiow, y= 167 ce 
M M™su/u® = 1/T* p/p* pp? ® F/F* a4ti*70 . 
f ~ & ; Fd 
| b up» 1-CO 1.00000 .10000+1 .100C0+1 .1000041 .1000041  ~voo00 * 
| 1-01 1.00746 .99498+40 .9876140 .10001+1 .10000+1 «879461-4 : 
| : 1.02 1.201487 .98996+0 .97546+0 .10003+1 .1000L+1 .34487-3 é 
) | 1603 1.402222 .98495+0 .96354+40 41000741 41000241 «760903 i 
| 1604 1.02951 .9799340 .95184+40 .1001241 .1000441 .13267-2 : 

| ; 1605 1203675 .9749240 .94036+0 .10018+1 21000741 6203342 

7 1.06 1.404393 .96992+0 .9291040 .10026+1 .10009+] £.28728-2 

| , 1.07 1205106 .96492+0 .918C4+0 .10035+1 .1001241 .33368-2 

| | 1.08 1205813 .95992+0 .90718+0 .1004641 .1001641 .49181-2 

; 1609 1606515 .9549340 .89652+0 .10087#1 .10020+41 .61095-2 

; , 1-10 8612607211 19499440 .88605+0 .10070+1 11002441 274046-2 

[ Lell 1.07902 .94496+0 .8757640 .1008541 .10029%: .87965<2 

7 : lel2 1.08588 .9399940 .86565+0 .10100+1 .1003441 «10280-1 

1.13) 1.09268 49350340 .85573+0 .10117+1 41003941 # .11849-1 

3 1.14 1.09942 .93008+0 .84597+0 .1013541 21004541 .13497-] 

LelS5 1.10611 49251340 .83638+0 .10154#1 .LOOSI+1 .1522]-1 
f 1e160 1611275 29202040 .82696+0 .10174+1 .1005741 217015-1 J 

| ; alt Lel7 1611936 .91527+40 .81769+0 .1019641 .10064+1 .18875-1] 

! 1019) =1213235 =6.9054640 =. 7996340) =. 1024241 = LOOTT#10— 0.22775] 

| 1620 1.13878 .9005740 .7908240 .10267+1 .1008541 .24807-1 

| 3 Le2l1 = =1614515 .89569%0 .78216+0 .1029341 21009241 .26888-1 

| — Le22 0 1615148 = 68908240) =. 7736340 =. 10032041 2 =—S «w 1010041) =n 29015-1 

| f ed 1e23° 1215775 28859740 .76525+0 .1034841 .101074#1 .31186-1 

| Le2% 1416397 48811340. 27570140 421037741 21011541 .33396-1 

| e 1e25 Le 17014 =o 8763140 §=6 7488940) )=— 1040841 = 1012441 03=Ss 6 356 42-1 

' 1-26 1.17626 8715040 e14091+0 © 1043941 © 1013241 e 37923-1 

| —% Le27? 1618233 48667040 .733C5+O0 41047141 8921014141 4 3=0. 40234-] 

| | 2e28 1218835 .8619240 .7253140 211050641 11014941 .42575-1 

MP 2e29 1619432 = 8571640 =e TL7T7C+#O 8 =— «. 10053941 0=—S 1015841 39 0. 4494] -1 

10630 814620024 .8524140 .71020+0 .1057441 21016741 247331-1 

: : 1e3l 8 1220611 28476840 47028240 241061041 «1017641 049746-} 

: ! e320 1621193 = 68429640 = 66955540 3= 5 1064841 ©=— 1018541 = 6 521 75-1 

| : 1633 1621770 68382640 =66884040 8=.1068641 89021019541 39 6 854 25-]} 

r 1.34 1.22343 ©83358+0 e681 35+0 2 lOT25+41 © 1020441 e57090-1 
F 1035 981222910 = 68289240 = 66744140) = 6 1076641 2 ©=—o L021441 )3=— 6 5969-1 : 

f 7 2o360 0 1623473 = 08242740) =. GOT5T+O =. 108 O07#1 = 4. 1022341 0239S 6 620061 -1 

7 Le37 14624032 28196440 66608340 41084941 .1023341 .64564-] 

: 3 1.38 1.24585 .8150340 .65420+0 .1089241 21024341 .67076-1 

1639 1.425134 .8104440 .64766+0 11093641 21025241 .69596-] 

: 22640 1625678 .80587+0 .64122+0 .109814+1 .1026241 .72122-]) 
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5.00 
5-210 
5-20 
5-30 
5240 
5-50 
5-60 
52/0 
5-80 
5-90 
6.00 
6.10 
6.20 
6-30 
6 240 
6250 
6250 
6.1/0 
6.80 
6.90 
7200 
7-10 
7220 
7230 
7240 
7290 
7-260 
72/0 
7280 
7.90 
8.00 
8.10 
8.20 
8.30 
6.40 
8.50 
8.60 
8.70 
8.80 
8.90 
9-00 
10.00 
11.00 
12-200 
13.00 
14.00 
15.00 
16.00 
17.200 
18.00 
19.00 
20.00 
INFIN 


A-194 


Compressible Flow 


M*= u/u™ 


1.88660 
1.39072 
1.89443 
1.89796 
1.90132 
1.90451 
1.9075% 
1.91043 
1.91318 
1.91581 
1.91832 
1.92071 
1.92300 
1.92518 
1.92727 
1.92927 
1.93119 
1.93303 
1.93479 
1.93648 
1.93810 
1.93966 
1.94116 
1.94260 
1.94398 
1.94532 
1.94660 
1.94783 
1.94902 
1.95017 
1.95128 
1.95235 
1.95338 
1.95437 
1.95533 
1.95626 
1.95716 
1.95803 
1.95887 
1.95968 
1.96047 
1.96712 
1.97209 
1.97589 
1.97887 
1.98124 
1.98315 
1.98473 
1.98603 
1.98713 
1.98806 
1.98886 
1.9962 / 


T/T* 


o14240+0 
01 3744+0 
e13273+0 
0 123824+C 
012397+0 
e11991+0 
e11603+C 
011233+C 
© 10881+0 
© 10544+0 
elO0222+0 
-99143-1 
-96200-1 
093382-1 
90683-1 
e88C97T=-1 
e85618-1 
083239-1 
©80956-1 
(8764-1 
e 16658-1 
e 14634-1 
e1/2687-1 
e710814-1 
e6901l2-1 
e67276-]1 
e65603-1 
0e63992-1 
0624 38-1 
e60939-1 
©594G92-1 
o®8C96-1 
056747-1 
0 55445-] 
54186-1 
e32968-1 
e51791-1 
-50652-1 
©49550-1 
0o484R3-]1 
047450-1 
e 38696-1 
e32142-1 
e2fil2-l 
e23171-1 
2002 7-1 
o17480-1 
o15387-1 
oe 13648-1 
el2187-1 
e1N948-1 
oI88E9-2 
00000 


TABLE A-2 


Functions for Fanno Flow, y = (1.67 


p/p* 


0 (5472-1 


072662-1) — 


e7C061-1 
06756 7-1 
©652C3-1 
e62959-1 
©6082 7-1 
o588C1-i1 
056872-1 
©55036-1 
053287-1 
051618-1 
~50026-1 
0485C6-1 
047053-L1 
045663-1 
044334-1 
043062-1 
°041842-1 
040674-1 
e 3955 3-1 
0 38478-1 
0 31445-l1 
e 3645 3-1 
-35500-1 
© 34583-1 
e337TC2-1 
oe 32853-1 
© 32045-1 
e31248-1 
e 30489-1 
o29757-1 
e29051-1 
e28369-1 
e2TTi2-1 
o27076-1 
o26462-1 
o25869-1 
025295-1 
o24740-1 
024203-1 
-19671-1 
©16298-1 
e13721-1 
ell ?C9-1 
~101G8-1 
e88140-2 
o17528-2 
e68721-2 
e61331-2 
©55071-2 
o49721-2 
eOQQ0CC 


pp? * 


©97206+1 
elLO228+2 
-10753+2 
ell298+2 
~11863+2 
01244842 
1305242 
01367842 
0 1432442 
e14992+2 
1568142 
oe 16393+2 
elL7T127+2 
eo 1788342 
© 18663+2 
01946742 
eo 20294+2 
021145+2 
o2 202142 
02292 2+2 
2384942 
2480042 
025717842 
0 26783+2 
02 1814+2 
e288 7242 
029958+2 
3107142 
0 32213+2 
e 3338 3+2 
0 3458242 
e 3581042 
o37T068+2 
e 38356+2 
o 396 7442 
04102342 
042403+2 
04381442 
0465257+2 
046732+2 
o4B240+2 
©65183+2 
©85769+2 
~11036+3 
e1393C+3 
e17297+3 
e21171+3 
0 25587+3 
e 3058 3+3 
e 3619343 
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01218941 
01219841 
el22C07+1 
01221541 
~12223+1 
e12231¢4¢1 
e1l2238t1 
01224541 
01225241 
01225841 
01226441 
e122 701 
e122 1641 
e12282+1 
o12287+1 
01229241 
~12297+] 
e123C241 
eo 12306+1 
el2311+1 
012315¢1 
01231941 
012323+1 
012327+1 
123301 
01233441 
© 12337+1 
012341+1 
01234441 
01234741 
1235041 
© 1235341 
o12377+1 
e12396+1 
e12410#1 
012421+]) 
01243041 
1243741 
oe 124434] 
0 12448+1 
01245241 
oe 1245541 
01245841 
1248641 


4tl"/0 


4402040 
e 4425940 
© 4448540 
4470640 
4490440 
© 45098+0 
e 4&5282+0 
o 4545846 
eo 45625+0 
04578540 
oe 45937+0 
e 4608240 
©46221+0 
e 4635340 
e 464 8C+0 
4660146 
e46718+0 
4682940 
e469 36+0 
2 41038+0 
e471 36+0 
e412 30+0 
o41321+0 
o41408+0 
04149240 
0415 72+0 
o41650+0 
041725+0 
e4/7719740 
4186649 
04193340 
0 41997T+C 
e 48060+0 
eo 48120+0 
e481 78+0 
oe 482 34+C 
eo 482 88+0 
© 4834040 
4839140 
e 48440+0 
e 484 88+0 
e488 89+0 
e491 88+C 
04941740 
e495 96+0 
e497 3940 
e 498 5440 
«4994940 
e 5002740 
e 5009340 
5014940 
e 50197+0 
e 5064140 
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TABLE A-3 


Compressible Flow Functions for Rayleigh Flow, y ® 1.10 








| M™  oM™usu*® = 7% 7° * p/p * pp? * p/p 
: u/u * a 
t 0-CO 0.00000 # .cn0000 e21CO0U041 .122783+1 .cocoodo j 
= OedL 0.90021 .44C0903-3 420697741 212277641 .419910-3 : 
0002 C.00084 .176245-2 420990841 .122756+1 .147856-2 : 
GeC3 0.00189 .396115-2 .20679241 412272241 .377270-2 : 
O204 0.00335 .703123-2 .20963141 112267541 .669694-2 
: 0205 0.00524 .109646-1 .206424¢1 612261441 .104438-] 
0206 0.00753 .157510-1 420917241 12254141 .150037-1 
Ge? ©.01023  2213779-1 62088744] 612245441 .263649-] 7 
Ceo08 0.01335 .278308-1 .20853241 212235441 .265140-) 
Ce99 =90.01686 = 35.0929-1 = 6. 20814541 = 12224241 2) 334353-] 
O10 0.02077 = 431456-1 =. 20771541 =o 12211641 3964 11116-1 
! Oell 0.02508 .519684-1 .20724241 212197941 .695237-1 se 
: Ool2 0.02977 .615390-1 420672541 06121827941 .586598-] 
| 0013 0.03484  .718334-1 .20616741 .121667+i .684706-1 
| Gel4 0.04029 .826260-1 .2055468+1 012149341 .78°592-]1 , 
Gel&6 0405229 610679740 420424841 212111241 .101841+40 
: F O17 0.05882 411971640 .20353041 .120905+1 .114180+0 
: E 0.18 0.06570 .133219%G .20277341 212068741 .212708140 
: Qel9 0.07291 214727240 =. 20157941 = 12065941 = 614051340 
, 0e20 04608046 616184440 220114941 612022141 115444640 
Ce2l 0.08833 .17690240 420028441 411997441 116884940 
, Oe22 0.09650 619241140 .19939541 11971741 .18369240 
Ge23 0210498 = 620833740 = 6.1 9845241 =. 11965241 §= 6.1.98. 941 46 
: | 0024 O611375 0622464740 119748741 011917841 421456640 
| 0025 0.12281 624130540 419649141 111889641 .230532+40 
| / Ge26 0.13213 625827740 2159546541 211860641 .24680940 
| Oe27 (0.14173 =o 275528640 = 19441041 =o 1:1 B3C9FL «=—s_- | 23. 3.HGAO 
Oe28 C.15157 629302440 .193327#1 211800541 .28C164+0 
0029 0.16166 .31073040 .19221841 .117695+i .29717840 
Co30 O61 7197 =. 32661440 =. 19108341 = 6. 11737941 = 31637640 
| Oo3l 0.18252 234664140 1418992341 211705641 .33172040 
: } 0032 0619327 236477840 .188740+1 0116729+41 .34918740 
| Co3%3 0.20423 238299540 .187535+1 .11639741 .36674340 
} Go34 0.21537 249125940 .18630941 211606041 .38436140 
i 0635 0.22670 .41954140 .18506341 .115720+41 .402010+0 
. 0636 0.623820 .437810+0 .18379AR+1 .11537641 .41966640 
Ge3T (0.624986 645603840 .182515+#1 611502841 143729540 
| Co38 0.26168 647419740 418121641 2.114678%1 145487740 
: 0039 0.27363 249226140 417690141 111432641 .472385+0 
| Co40 8 8(0.28571 651026440 217857141 2011397141 .489796+40 
Oe41 0.29792 2657800240 217722941 211361541 .507086+40 
0042 0.31024 654563140 .ILTSAT4+L 211325841 .52423240 
0243 0.32266 256307040 217450741 211290041 39. 41 215 +0 
Ge4% 0.33518 258029840 217313041 011254141 .558014+40 
Co45 0634778 = 6. 59729440 = ATAT4441 «=o. L1218341 © ©=— . 57661140 
0046 0.36046 261404140 217034941 211182441 .590988+0 
Oo47T 0.37320 263052040 116894741 211146741 .607128+40 
0048 0638601 064671640 .16753941 11211041 (62301640 
0049 0.639887 666261540 =616612541 =o 11075441 §= 5 6 3 8 3 T4 
0-50 0.41176 .678201+0 216476641 2110460141 .65397940 
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TABLE A-3 


AMCP 706-285 


Compressible Flow Functions for Rayleigh Flow, y = [,I0 


ve u/u™ 
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96787640 
96470740 
96143740 
95807340 
95461940 
95107840 
094745540 
094375440 
93998040 
09 3613540 
093222440 
92825040 
092421670 
92012740 
91598640 
91179540 
90755740 
90327720 
89895670 
e894597+0 
©890204+0 
e885778+0 
88132340 
e876840+0 
©872333+0 
867802 +0 
e863252+0 
«858682 +0 
85409720 
©849497+0 
0844885240 
©840262+0 
©8356300 
830991 40 
872634570 
eB21697+0 


») 


p/p *™ 


e 1OO0000+1 
e989581+0 
e971S27T+0 
e969086+0 
e959009+0 
« 949046+0 
93919440 
©929455+0 
©919826+0 
e91C309+0 
©90C901+0 
e891603+0 
e 882413+0 
e 873330+0 
oe 864 354+0 
@855485+0 
e846720+0 
e838C59+0 
e 82S502+0 
e821047+0 
e812694+0 
oe 804441+0 
© 196287+0 
e 188232+0 
e 18C275+0 
e 172414+0 
« 164649+0 
e 156978+0 
e 149401+0 
e 141916+0 
e 134523+0 
e 127220+0 
e 172000740 
e 1128R2+0 
oe 105845+0 
e698894+0 
e692028+0 
e685247+0 
©678549+0 
67193440 
e6654C0+0 
e 65894640 
©652571+0 
©6462 76+0 
@64C057+0 
e633915+0 
e462 7848+0 
©621856+0 
e615937+0 
e610061+0 
©6043) 7+0 


pp # 


-100000+1 
«10000541 
-100020+1 
»100045+} 


100081 +41. 


© 1001264) 
ei100182+¢) 
©100248+} 
e100325+]1 
e 1004134) 
e100511¢} 
e1CG6194)] 
e £00739) 
100869) 
1010104) 
010116241 
e101326¢1 
e101500+) 
10168641 
e101883+41 
102091 +] 
1023114) 
© 1G2542+1 
01027854) 
10304041 
e103307+1 
e 1035854] 
©1038 7641 
© 10417941 
10464944] 
10482141 
e105161+) 
©105513+] 
© 10587384] 
© 10625641 
«106647 +1 
elO7TOS5S1 +) 


01074684) . 


©107898+]1 
© 10834241 
1087994) 
©1092 70+) 
10975541 
01102544) 
ellLO767+41 
01112944] 
o111836+) 
01123934) 
011296441 
01i355071 
e114152+1 


Bee ee ee we wee em Or re eee hl ee, 0 ee ew oo le 


p/P 

u/u* 
e 1O00000+1 
e 999910+0 
e 999645+0 
e 99921 0+0 
2e998611+0 
oe 99 7854+0 
e 996944+0 
e 995887+0 
oe 994688+0 


* £993352+0 
* « 991884+0 


« 990289+0 
e 988573+0 
e 9386713940 
@ 984794+0 
e 982740+0 
e 980583+0 
© 97832 7+0 
© 975976+0 
097355440 
© 971005+0 
oe 968 394+0 
e 962938+0 
e 960100+0 
© 95 7194+0 
e 95422 3+0 
«© 951190+0 
e 948099+0 
e 944953+0 
@ 941754+0 
e 938505+0 
e 935210+0 
e 931870+0 
e928490+0 
e 925070+0 
© 921614+0 
e 918124+0 
e 914603+0 
e 911052+0 
© 907473+0 
e 903869+0 
e 900242+0 
« 896594+0 
« 892926+0 
e 889241+0 
e 285540+0 
@e 881824+0 
e 878096+0 
© 87435846 
e 87T0607T+0 


A-197 


Peasy * 


Ys 











: 
| 
; 


a ee 


ee ee 


tal ae me Tome 


. a 


ee ee 


oe ee ee ee ee 


| 
| 


ree 


. 
7) ae en ee 


ht ed Ried 


a ee ee oe 
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Compressible 
mu * M *s u/u* 
1-50 1.3597] 
1.51 1.36490 
1.52 1.37002 
1.53 1.37508 
1.54 1.38007 
1.65 1.36501 
le 1.38989 
1.57 1.39470 
1258 1.39946 
1259 1.40416 
1<60 1.40880 
1-61 1.41339 
1262 1.41792 
1.63 1.42240 
164% 1.42682 
1-65 1.43119 
1266 1.43551 
Le67 1.43977 
1268 1.4439 
1-69 1.44815 
1-70 5226 
le7l 1.45632 
le72 1.46034 
1.73 1.4643) 
127% 1.46823 
1.75 1.47210 
1-76 1.47593 
1.77 1.4797] 
1.78 1.48345 
1.79 1.48715 
1-80 1.49080 
1-8l 1.4944] 
1.82 1.49797 
1.283 1.50150 
1284 1.50498 
1285 1.50842 
1.86 1.51182 
1.87 1.51519 
1298 1.51851 
1.89 1.52180 
1.90 1.52504 
1.91 1.52826 
1292 1.53143 
1.93 1.53457 
1.94 1.53767 
1.95 1.54074 
1.96 1.54377 
1.97 1.54676 
1.98 1.54973 
1.99 1.55266 
2.00 1.55556 


TABLE A-3 


Flow Functions for Royleigh Flow, y = 1.10 


Tyr? * 


2372169740 
-8117045+0Q 
e812393+t0 
e40774140 
e 80309040 
oe 1984642406 
019 37T984C 
e 78916040 
0 18452740 
e 179903+0 
o 175286+0 
oe 17067940 
e 16608240 
e 16149740 
2 756924+0 
e 152363+0 
14781640 
e 143284+0 
e7348767+0 
«134426540 
e129780+#0 
e 125312+0 
- 12086149 
e 11642940 
»© 71201540 
e (0762140 
e 103246+0 
2e698891+0 
© 69 4556+0 
© 690243+0 
@§85950+0 
@681679+0 
©677430+0 
e 673203+0 
@ 96899940 
266481] 7+0 
e 560658+0 
© 656522+0 
@~652410+0 
©648321+0 
e644256+0 
@e 640215+0 
- 6%6198+0 
©632205+4+0 
2072 8236+0 
04627429240 
e620372+0 
©616477+4+0 
© 612606+0 
«60876040 
2 601493940 


p/p* 


0004 31740 
059661340 
0592979 4¢ 
058741540 
258191840 
0517646840 
057112440 
056582640 
«56059240 
055542240 
035031540 
054526940 
@54C285+0 
e535361+0 
053049640 
032569040 
052094240 
0516251+0 
eStLLELE4+0 
050703749 
250251340 
49604340 
04938626+0 
048926140 
0484594940 
o48C687+0 
0416476+0 
047231540 
046626340 
046412940 
46012340 
045615440 
©4522 32+0 
0448325540 
044452440 
A64C73T+0 
043699440 
4 3329540 
0425638+0 
0426902340 
042245140 
04189194G 
041542740 
041197640 
240856440 
040519140 
0401 256+0 
39855940 
039529940 
e 3920 76+0 
e388889+0 


pp? * 


ell4152e1 
11476641 
01154C141 
ell6048+1 
ell&71Z2el 
ell739241 
011 208841 
elLe@adlel 
0 l13}9$53041 
e120276+1 
012104041 
elZ21821+1 
el22619e1 
012343541 
012427041 
el25122+4+1 
o 1259931 
eo 126884+1 
eil2T793+1 
elZ28721+1 
eo 1296701 
e 130638+1 
0131626+1 
13263541 
eo 1336651 
eo 13471641 
013578941 
013688 3+] 
01379991 
© 139138+1 
1403001 
014148541 
oe 142694+1 
© 143926+]1 
014518341 
0 146464t1 
eo l47771+1 
© 1491031 
15046141 
01518451 
e 153256+] 
0 15/6951 
elSs L61LF41 
015765541 
e LS9O1L77+)] 
e 16072941 
© 1623101 
eo 163922+1 
o 16556441 
016723741 
eo 168942+1 


% 
p/p 
u/u * 

«87G607+0 
« 266850+0 
« 86308640 
e 85931740 
2 8555430 
e851 76740 
»-847988+40 
«84420940 
2 R4043040 
°836653+0 
83287940 
082910740 
282534140 
232157940 
-817823+0 
81407540 
-81C 33440 
«806601 +0 
©-802877+0 
79916340 
e 19546040 
791 76840 
« 78808740 
e 78441840 
e 78076240 
e77711940 
o 17349049 
«76987540 
e 16627440 
oe 76268840 
75911840 
e 715556340 
e 75202540 
eo 74850346 
e 14499740 
e 74150840 
e 73803740 
© 7345830 
e 713114640 
e72772840 
e 72432840 
e720946+0 
o717582+0 
71423840 
71091240 
70760540 
70431740 
«70104820 
069779940 
694569 +0 
69135840 
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Compressible 
m*su/u* 


nu 


2.C0Q 
2-02 
2204 
2296 
2.08 
2.10 
2.12 
2214 
2.216 
2.18 
2220 
2222 
2224 
2226 
2.28 
2.30 
2032 
2234 
2.36 
2.38 
2-40 
<e42 
22-44 
2.46 
2.4R 
2.30 
2.252 
2254 
2256 
2.58 
2.60 
2262 
2264 
2-66 
2.68 
2270 
2.272 
207% 
2.76 
2.78 
2.20 
2282 
2234 
2286 
2238 
2-90 
2-92 
2294 
2296 
2-98 
3.00 


Qe amp ewe — -- -* 


1255556 
1256125 
1.56682 
1.57760 
1.58281 
1.58790 
1.59289 
1.59777 
1.60254 
1.60721 
1.61178 
1261626 
1.62064 
1262493 
1.62912 
1.63324 
1.63726 
1.64121 
1.64507 
1.64885 
1.65256 
12654620 
1.65976 
1266325 
1.66667 
1.67002 
1.67331 
1.67653 
1.67969 
1.68279 
1.68583 
1.66881 
1.69173 
1.69460 
1.69742 
1.70018 
1.70289 
1.70555 
1.70816 
1.71072 
1271324 
L.71571 
1271813 
1.72052 
1.72286 
1.72515 
1.72741 
1.72963 
1.73180 
1.73394 


TABLE A-3 


Flow Functions for Rayleigh Fiow, y = 1.10 


© 60493940 
©597371+0 
e589902+0 
e 582532+0 
251526240 
e568090+0 
«56101840 
055404340 
54716640 
e540 387+0 
533710440 
52711740 
05206625+0 
©514227+0 
50792340 
e501711+0 
e495590+0 
e489 560+0 
e438361940 
e477 166+0 
0472001+0 
© 466 322+0 
e460 728+0 
© 455218+0 
0449 7190+0 
@o 44444540 
e439180+0 
© 43399440 
© 42688740 
42 3856+0 
e 41890240 
e414023+0 
©409217+0 
© 40448340 
e 399822+0 
e 395230+0 
e 390707 +0 
e 38625340 
« 381 866+0 
oe 37754440 
e 313288+0 
e 38909570 
e 364965+0 
e 360897+0 
e 39&889+0 
oe 3532941417 
e 349052+0 
e 345221+0 
« 34144640 
o 33772740 
e 33406 5+0 


psp * 


e 38888940 
038262370 
37649640 
0 370650440 
oe 38464440 
e 35891340 
© 353307+0 
e 3478230 
0 34245740 
oe 3372C7+0 
e 33206940 
e 32 7040+0 
e322118+0 


031729940: 


e312582+0 
© 30796340 
e 30344040 
e299611+0 
0294673+0 
e290423+0 
«28626040 
e282161+0 
02 78184+0 
02 1426840 
e2704294+0 
e266667+0 
© 26291940 
0e259363+0 
o255818+0 
0252342+0 
02489 33+0 
0 245590+0 
024231140 
0235909440 
023593840 
023284240 
22380440 
o226822+0 
022 38960 
e221024+0 
e218205+0 
021543740 
e212720+0 
o210052+0 
020 743140 
e204858+0 
020233146 
019984940 
e197410+0 
©195015+0 
0©192661+0 


pa? * 


o 16894241 
017244841 
e176C088+1 
e179865+1 
o 1837864) 
1878551 
e19207T64) 
oe 19645741 
e201002+1 
208 718+1 
e2lO6l1+4+1 
02156881 
2209551 
022641941 
o232088+1 
237970) 
0 2440131 
2504051 
025697441 
~263791 41 
021086441 
021820441 
o285820+1 
0293 7124+)1 
© 30192741 
e 31044041 
031927641 
o 32844841 
e 337968+)1 
oe 34785041 
© 3581101 
e 36876241 
o319821+1 
© 39130441 
040322841 
4156101 
04284101 
e441 82641 
45569941 
04701091 
04850784) 
e 50062941 
51678641 
0 53357T4+)] 
55101841 
e 9691451 
5879831 
e507 562+1 
062791241 
e 6490651 
e671053+1 
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* 
p/p 
u/u * 


© 691358+0 


e 68499646 
067871340 
0672508406 
«66638340 
e 66033740 
e 65437140 
eo 64848440 
0 6426 1640 
e 63694640 
063129640 
062572340 
062022840 
61481640 
60946840 
60420340 
e 59901240 
59389640 
o588854+40 
58388540 
57898840 
57416240 
056940740 
056472140 
e 56010540 
e 55555640 
055107440 
54665940 
© 5423090 
e 53802340 
©533801+40 
0529641 +0 
eo 52554340 
52150646 
051752940 
51361040 
250975040 
e 50594740 
©502201+0 
49850940 
049487340 
© 49129040 
48776040 
48428240 
«48085540 
o477479+0 
© 47415240 
047087440 
46 164440 
046446240 
06461325+0 
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TABLE A-3 7 


a Compressible Flow Functions for Rayleigh Flow, y = 1.10 








m* m™eusu*® TyT?* pyp * pYp? ¥ p/p 

u/u* 

3.00 1.73394 © 33406340 © 192661+0 067105341 0461 325+0 

3.02 1.73605 2 330453+0 "9634840 069391241 045823440 

3-204 1.73611! 2 327689640 -488075+40 eTL7T678+1 645518940 
3206 1.74014 2° 32339140 ~ 185842+0 ° 74238841 0452187+0 
5-208 1.74214 ° 31993740 « 183646+0 o 76808141 © 449229+0 
3210 1.74410 © 316534+0 018148840 0 79479841 044631340 , 

3212 1.74603 - 31 3181+0 ~179367+0 0 822583+1 044344040 

' 3214 1.74793 « 309875+0 0177282+0 © 2851478+1 044060740 

3216 1674979 2630661840 617523240 2881532+1 143781640 

f 3.18 14675162 1303406840 417321640 .912791+1 .435064+0 
3.20 1.75342 e 30024440 0171233+0 © 945307+1 0432 352+0 ; 
3.22 1.75520 0 297126+0 2 LOG2R4+0 097913241 ©429678+0 
3224 1.75694 © 294052+0 © 167366+0 0101432+2 ©427042+0 
! 3026. 1275865 0291022+0 216548040 © 105093+2 042444340 
3-28 1.760 34 28803640 0 16362540 © 108902+2 ©421882+0 | 
3-30 1.76200 e285092+0 8 .161800+0 0 112865+2 © 419356+0 

3.32 1.76363 °282189+0 © 16CU05+0 2 116990+2 © 416866+0 

3.34 1.76524 © 27932840 015822840 012128142 041441140 
| 3-36 1.76682 eo 2TESOTHO 015650040 012574742 641199040 | 
3238 1.76837 027372540 115478940 e 130396+2 «40960240 
3240 1.7699C 227098340 »153106+0 0 13523442 © 40724840 
4 3242 1.77141 © 26827940 15144940 014026942 » 40492740 
3444 1.77289 °265612+0 © 14981940 014551142 © 402638+0 
| ) 3246 1.77435 026298340 0 148214+0 0 15C967#2 ~400380+0 
: 3048. 1.77579 026039040 .14663340 .156647+2 .398153+0 | 
; 3.50 1.77729 © 25783340 © 14507840 © 162560+2 © 395957+0 | 
! 3-52 1.77859 «225531140 .143546+0 016871642 .393791+0 
: 3.54 1.77997 , 6252823+0 .142038+0 .175126+2 .391654+0 
| 3-56 1.78132 025037040 14055340 018180042 .389547+0 
3.58 1.78264. .247950+0 213909140 018874942 - 381746840 | 
3060 =. 1078395 =o 24556340 = 13765140 =o. 19595542 =. 3885 41740 | 

3-62 1.78524 ° 243208+0 o 13623340 020352142 « 383393+0 

3.64 1.7865) 0 240885+9 2 134835+0 021136842 « 381397+0 

: 3.66 1.78776 023859490 2 133459+0 021954142 «37942740 
) : 3088 1.78900 0223633340 213210440 222805342 137748440 ! 
| 7 3.70 1.79021 023410240 -13C768+0 023691842 © 375567+0 | 
: ; 3.72 1.79141 °231901+0 0 129452+0 024615142 0 373675+0 ! 
: 3.74 1.79259 027973040 © 128156+0 025576942 . 371 808+0 | 
, 3e7h 1.79375  .227587+0 .126878+0 o2657B7T+2 236996540 | 
} 3.78 1.79489 027547 3+0 212561940 021622342 © 36814746 : 
3.80 1.79602 22 3385+0 20 124378+0 028109442 © 366353+0 : 
3.82 1.79713 ©221327+0 © 123155+0 029841942 © 36458240 | 
3284 1.79823 021929440 © 12195040 © 310217+2 © 3628340 | 
| 3e86 1.79931 «21728840 o12C762+0 2 32250842 - 361108+0 ! 
| 3.88 1.80037 © 21536940 0 119591+0 033531442 © 359405+0 ; | 
: 3090 1.80142 223335540 .118437+0 .348656+2 .357724+0 : 
| 3.92 1.60246 021142640 © 11729940 0 36255842 © 3560650 ! 
| 4294 1.80348 2 2094522+0 ell6177+C 037704242 © 354427+0 | 

i 3.96 1.80448 «20764240 © 115C70+0 039213442 - 352 809+0 

32.98 1.80547 e2057186+0 el11397940 e407860+2 » 35) 21340 

: 4.00 1.80645 © 20395440 © 112903+4N 042424742 » 34963640 
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Compressible 
M*2 u/u™ 


1.80645 
1.80742 
1.80837 
1.80931 
1.81023 
1.81114 
1.81204 
1.81293 
1.81321 
1e81467 
10815593 
1081637 
1.81720 
1.81802 
1.81883 
1.81963 
1.82061 
1.82119 
1.82196 
1.82272 
1.82347 
1.82420 
1.82493 
1.82565 
1.82637 
1.82707 
1.82776 
1.82845 
1.82912 
1.82979 
1.83045 
1.83110 
1.53175 
1.83238 
1.23301 
1.83363 
1.83426 
1.83435 
1.83545 
1.83604 
1.83662 
1.83720 
1.83777 
1.83834 
1.83889 
1.83944 
1.83999 
1.84053 
1.84159 
1224211 


TABLE A-3 


Flow Functions for Rayleigh Flow, y # 1.10 


TY T° * 


20395440 
29214640 
e20C 360+0 
-198597+0 
196856+0 
19513740 
e 19343940 
©191762+0 
«190106+0 
e 18847140 
e 186856+0 
e185261+0 
e182685+0 
e 18212940 
e18C591+49 
e179072+0 
elL77I572+0 
e176089+0 
eo 1 74625+0 
o173177+0 
0171748+0 
017033540 
© 168939+0 
e 16755940 
«16619640 
© 164848+0 
e163517+0 
© 162201+0 
e160900+0 
e 15961440 
015834440 
e157087+0 
15584640 
15461840 
01534C05+0 
-152205+0 
© 15101940 
e149846+0 
14868640 
14754040 
e 146406+0 
e145285+0 
©1441 76+0 
e 143080+0 
e141995+0 
© 14092340 
ei 35862+0 
2 136613+0 
e137776+0 
13674940 
13573440 





p/p* 


01127290340 
01h 1842+0 
ellC796+C 
010976440 
0108746+0 
e107742+0 
el06é75240 
2105775+0 
©104811+0 
e1038640+0 
e102921+0 
e101995+0 
e101061+0 
e LOGLEO+0 
©992898-1 
©984115-1 
©975446-1 
-966890- 1 
0958443-1 
e95C106-1 
e541874-1 
0933748-1 
0925725-1 
©917803-1 
©90S981-1 
0902257-1 
2894529-1 
e887C97-1 
e87S658-1 
e872310-]1 
e865053-1 
0&€57885-1 
eo 85C804-] 
e543810-1 
oF 3E9CO-1 
e&3C074-1\ 
e823329-) 
e&16E666-1 
e81COP IL-1 
e2803576-) 
e797147-1 
e 19CTS94—-1 
e (84515~)] 
eo /78311-2 
ef72178-1 
e766117-1 
e /6C126-1 
e 154204-1 
© 148351-1 
e 142564-1 
e 13684 3-1 


1 et ale i 


pp? * 


042424742 
044132342 
45911742 
477166142 
©496985+2 
051712342 
o3381L1L1L+2 
55998442 
05827794+2 
50653742 
e683129842 
065710642 
68400342 
071203842 
oe 14125942 
e771 71542 
280346042 
08 3654942 
087103842 
0996987+2 
094445942 
98351742 
© 10242343 
elLO&64ETH+3 
11109043 
eL15701+43 
012050843 
012551843 
013074043 
013618443 
14185943 
eo l477744+3 
°153939+3 
© 160366+3 
16706543 
ol 144048+3 
e181326+3 
© 18891343 
0196822+3 
e205065+3 
021365743 
022261343 
023194743 
24167743 
25181843 
0 262388+ 3 
021340543 
28488743 
029685443 
© 309327+3 
o322327T+3 
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rm 
p/p 
u/u * 


e 349636+0 
e 348079+0 
e 346543+0 
e 345025+0 
oe 343526+0 
e 3420%6+0 
e 340585+0 
e 339141+0 
2 337716+0 
e 336308+0 
e 33491'7+0 
e 333543+0 
e 332186+0 
e 330846+0 
e 329522+0 
e 328213+0 
e 326921+0 
e 32564440 
e 324382+0 
e 323136+0 
© 3219046+0 
e 32068 7+0 
e 31948440 
e 31829570 
e 317120+0 
e 315959+0 
oe 314812+0 
e 313678+0 
e 312557+0 
e 311449+0 
e 310353+0 
e 309271+0 
e 308200+0 
« 307142+0 
e 306096+0 
« 3N5062+0 
e 30403940 
e 303028+0 
e 30202 8+0 
¢ 301039+0 
e 300062+0 
e 299095+0 
« 29813940 
© 297194+0 
e 29625940 
»295334+0 
e 29441940 
© 29391540 
« 292Z620+0 
© 29173540 
© 290859+C 
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Compressible Fiow Functions for 
T/T" 


ui 


5-00 
5.19 
5-20 
5-30 
5.240 
5.50 
5250 
5.70 
5.80 
5.90 
6.00 
6.10 
6.20 
$.23C 
6240 
6.50 
6.60 
6.70 
6.80 
6.90 
7210 
7.20 
7.30 
7-40 
7250 
7260 
1.70 
7.80 
7.90 
8.00 
8.10 
8.20 
8.40 
8.50 
6.60 
8.70 
8.80 
8.90 
9.00 
10.00 
11.00 
12.00 
13.00 
14.90 
15.00 
16.00 
17.00 
16.00 
19.CO 
20.00 
INFIN 


M*su/u* 


1.84211 
1.84462 
1.84699 
1.84924 
1.85137 
1.85339 
1.85531 
1.85713 
1.85886 
1.86050 
1.86207 
1.86356 
1.86498 
1.86634 
1.86764 
1.86888 
1.87006 
1.87120 
1.87228 
1.87332 
1.87432 
1.87527 
1.87619 
1.87707 
1.87791 
1.87873 
1.87951 
1.88026 
1.88098 
1.88168 
1.88235 
1.88300 
1 88362 
1.88423 
1.85481 
1.88537 
1.88591 
1.88643 
1.88694 
1.88743 
1.88790 
1.89189 
1.89485 
1.89711 
1.89888 
1.90028 
1.90141 
1090234 
1.90310 
1.90375 
1.90430 
1.90476 
1.90909 


013573440 
213082C+0 
0126161+0 
elZ21741 +0 
011754440 
e113556+0 
2109763+0 
©106153+0 
010271640 
©994391-1 
©963140-1 
09 33315-1 
09N4832-l 
o&77161L1i-1 
°851582-1 
e826677T—1 
©802833-1 
e779991—1 
e158097T—1 
©737100-1 
©716953-1 
o697T610—1 
«679030-1 
661174-1 
©644005-1 
e627488-1 
e611593—1 
©596287-1 
0581543-1 
05673341 
0553634—1 
0540420—1 
057? 1669-] 
e515360—1 
0503473—1 
0491989—1 
-480890-1 
o470159-1 
0459781—1 
04497T40—1 
©440022-1 
03579261 


0 296734-1 | 


02499 34-1 
0213357-1 
oe 184238-1 
© 160683-1 
«©141363-1 
el 7?5322-1 
elil1860-1 
© 10C0453-1 
©907930-2 
2000000 


p/p* 


oe 136843-1 
© f/09197-1 
683906 l-l 
065& 329-1 
©634902-1 
©612692-1 
059161 7-1 
0571600-1 
0552574-1 
0 534474-1 
0517242-1 
e50C82 3-1 
0485168-1 
0410231-1 
045596 7-1 
0442339-1 
0429308-1 
e41l 641-1 
e4049C6- 1 
© 3193473-1 
e 382514-1 
e 3720C5-1 
© 361920-1 
035223 7-% 


(03429361 
2 3339961 


« 325400-1 
0 31?7130-1 
e30S169-1 
e 301504-1 
0 2941168-:'1 
e286999- 1] 
0o28C135-1 
02/3513-1 
o267122-1 
e26C951-1 
029499 1-1 
0 249232-1 
e 243665-1 
e238282-1 
0233075-1 
eo 18S189-1 
@- 156600-1 
0o131744-1 
e112360-1 
e 96$530-2 
e 84507 1-2 
e 431C0-2 
©658514-2 
e358 757 7-2 
«§27506-2 
e47E191-2 
eO00CO0CO 


pp? * 


0 32235cTH3 
oe 39602743 
48661343 
5979003 
0 13454943 
0902241 +3 
eLIC7T9IOFS 
0 13599444 
016685944 
020462944 
25081044 
e30T2Z27T+4 
o 3 7T608THS 
«46005744 
056235644 
68686544 
2083825344 
© 102214+5 
12452645 
eL 5157245 
018431945 
02239285 
o2 7178545 
0 32954245 
39917045 
048301845 
©5835 71545 
e 70505545 
285049045 
010248446 
0123361+6 
© 148332+6 
oL178165+6 
21376846 
e256208+6 
e 306741+6 
36684346 
2438246+6 
052298146 
062342446 
0o14235T+6 
040130447 
©195787+8 
«8681 56+8 
e 35259349 


o132171410 
e460580+10 


eiS0] 87-11 
460992411 
e133904412 


o369817+12 


097523312 
INFIN 


Royleigh Flow, y 2 1.10 


p/p 

u/u* 
e 29085940 
© 286620+0 
e 282600#0 
o278787+0 
© 275165+0 
© 27172340 
© 26844940 
0 265333t+0 
© 262365+0 
0 29953640 
« 25683 7+0 
© 254262+0 
025180140 
@ 24945040 
© 24720240 
© 245050+0 
«24299140 
© 24101 7+0 
e 23912540 
© 237311+0 
«23557040 
oe 23389840 
e 232293+0 
e230749+0 
e 229265+0 
e227838+0 
o 226464+0 
«© 225141+0 
eo 22 3866+0 
oe 222638+0 
eo 221453+C 
e 220311+0 
© 219208+9 
o218144+0 
21711640 
e216123+0 
© 215164+0 
eo 214236+0 
e 213338+0 
e212470+0 
© 21162940 
oe 204529+0 
- 199235+0 
e 195186+0 
© 192021+0 
e 189501+C6 
eo 187463+0 
0 16579140 
eo 184402+0 
e 183237+0 
e 182250+0 
© 181406+0 
oe 173554+t0 


ea ee te qm aay 
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AMCP 706-285 
, <y 
3 Compressible Flow Functions for Rayleigh Flow, y = 1.20 
7 . M™ oM™usu* = 77°* pyp* pp? * p/p 
ae u/u * 
0.00 0.00000 .oncooc *22CCOO+l =6. 12418441 ©=—. 0.00000 
UeQl 0.00022 .483884-3 221997441 2012417741 .439899-3 
02.02 O.00088 = .193414-2 421989441 612415441 11758382 
0203 0.00198 .434661-2 .219763+1 612411741 .395182—2 
020% 0.00351 .771435-2 .2165784+1 2112406541 .701417-2 
0-05 0.00548 .120277-1 = 621934241 © 212399941 .109370-] 
0206 0.90789 217274412 421905441 212391741 .157097-] 
OeCT 0.01072 .234395-1 =. 21871441 =. 12382241 = 6 213191-] 
O208 0.01397 .305056-1 .21832341 012371241 .277501-1 
0209 0.01765 .384528-1 121788241 .123588+1 .349854-] 
Oe10 =(0.02174 = 6472590-2 =. 21739141 =. 12345041) 3= 6. 3005 7-1 
Gell 0.02624 .568996-1 .21685141 412329841 .517895-] 
Ool2 04603114 = .675483-1 2621626341 2612313341 .613139-] , 
Oel3 = =0.03644 .785766-1 .215627+#1 =. 12295541 3=—- «7155 40-] 
Dol (04604213 = 6905542-2 = 621494641 = 012276441 3=— 6 8246834 -] 
GelS 0.04820 410324940 =... 21421641 =n 12256141 3=— 6 960 742-1 
Ool6 0405464 .11662840 .2134434]1 0122346+1 .106297+40 j 
— Oe17 0.06145 2413065740 421262641 212211841 .11912240 
Ool@ 0.406861 214529840 121176741 2612187941 .132517¢40 
OelS 0.07612 216951640 2121086541 2612162941 114645040 
O620 0608397 017627240 220692441 2612136941 .160888+40 
Oo2l 0.09214 219252840 .20894341 2112109841 . 17579740 | 
=a Oe22 0410064 220924440 .20792441 4612081741 .191143+40 
Oe23 0210943 = 627638240 =... 200686841 = 612052741 3=—. 206 891 40 | 
Oee4 0411653 624390240 420577741 212022841 .223006+0 : 
0625 O412791 626176340 620465141 = 11992141 =. 23945440 
| 0626 0613756 227992740 .20349341 2119605+1 .25619940 | 
Ooe? (0214748 2429835340 120230341 211926141 27320740 
_— 0.28 0615765 .31700340 £.20)CR2+1 ell8951+1 129044440 1 
0029 (0616806 133583840 .199833+1 .118613+1 .30787540 
0630 O.1L7870 1435482040 419855641 2£11827041 .325467+0 | 
Oo3l 0.18956 237391240 119725341 2411792041 .3431874¢6 i 
0-32 0420063 239307840 .19592541 4117566+1 .36100340 | 
Oo33 0.621189 2441228140 .194657341 211720641 .37888340 
0.34 0.22334 0443148940 1419319941 011684241 .396797+0 
0035 0423496 = =6445066640 =. 1 91 C5410 011647441 3=— 641671540 
Ge36 0624675 = 46978140 = 6 1 9 35041 =. 11616341 ©9632 60840 | 
Oo37 0.25868 .483803+0 118895841 .115728+1 .45045040 
0238 0.27076 .507702+0 2.187594) 2411535141 .46821240 | 
Co3D = 0028297 = 657645040 =. 1 8604341 = 11497241 3=—- 6 85.8 7140 
0040 0429530 254502040 218456441 211459241 650340140 | 
Oo4l 0.30774 456338640 118307141 211420941 .52077940 
Oe42 9432028 258152440 11815664] 211362741 (53798440 | 
Ce43 0633291 = 659541240 = 6.1 8C05041 = 611344341 3§=— 5499540 ) 
0044 = 0034562 = 61702640 = 617852541 =o 11306041 3=— 6. 57179340 
. 0645 0435841 = 663434940) 17699141) © 11267741 )=—- 658835440 j 
0646 02437125 2465136040 .175450+]1 011229541 .604676+0 , 
Ceo4T = =6.38415 = 666804440 = 6.1. 7390241 4 1191441 §=— 5. 2072840 
0248 0439709 = 68438440 = 617234941 = 411153441 =. 3650240 3 
Co49 9.41007 = =6 70036640 =. 1 707924102 11115741 »=— 6 651 98340 
. 06990 0642308 671597640 =. 16523141 = 11078141 3=— 66716040 
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A-204 


Compressible 

w*  m™usu* 
C.50 0.42308 
0.51 0.43610 
0.52 0.44914 
C.53 0.46219 
0.54 0.47523 
0.55 0.48826 
0.256 0.50128 
Q.57 0.91427 
0.58 0.52724 
0.59 0254018 
0.60 1.95307 
Oe6l 0.56592 
0262 0.57873 
0.53 0.59147 
0264 0.60416 
0.65 0.61679 
0.66 C.629 35 
0.67 0.641 8% 
0.68 6.65425 
0.69 C.66659 

0.70 CoOTE8S . 
OeTt 069101 
Gel2 Ge l0310 
0.73 0.271509 
02-14% Qe72700 
0.75 0.73881 
6276 0.75052 
Oel7 Oe 176214 
0.78 0.77365 
0.79 Oo78507 
0.80 Q.79638 
0.61 0.80759 
0.82 QOe818E69 
0-83 0.82969 
0.34 G.e&405B8 
0-85 GCe85137 
C.845 9.86204 
QC.57 0.87251 
O.8AR CoR8307 
Ged9 0289341 
0.90 0.90365 
0.91 0.91376 
0.92 0.92380 
0.93 Q.93371 
0.94 6294350 
0.95 C.295319 
0.96 O.962T77 
0.97 Oe97224 
0.98 0.98160 
0.99 0-99086 
1-CC 1-Q0C000 





TABLE A-3 


Flow Functions for Rayleigh Flow, y = 1.20 


777°" 


eo 71597640 
e 73120440 
e 14603840 
e 160470+0 
0 77449240 
e 188096+90 
eBOL277+0 
e 81403040 


082635240. 


83824040 
e 845692+0 
e860 708+0 
e871288+0 
e881432+0 
e891142+0 
©900421+0 
© 9092 70+0 
091 769540 
o3975698+0 
©933285+0 
© 34646040 
094723040 
099359940 
095957540 
296516340 
091037240 
09752080 
o97967T4C 
098378940 
e9RT5®.+0 
e99CITL+0 
©994056+0 
©996815+0 
09299258640 
© 10013941 
10032241 
019047541 
elN0600e] 
el10Cé9841 
10076341 
e1QON8131 
e-LOCE324¢1 
elOC827T+1 
elLOCT98 +1 
eLOO0T4ST +) 
1006731 
e1CC57841 
10046341 
»L00327+1 
el1Q01L7341 
»~ 100000 +1 


p/p ™ 


16923141 
16766841 
2 1661C3+1 
016453841 
01629731 
016140941 
elL5S34741 
15828741 
015673141 
01551791 
e15363141 
e1L52C8941 
015C553+1 
21490231 
o1475C1l+1 
01459851 
0 14447841 
ok 4298041 
014149041 
214CO0O10+1 
013853941 
el3707841 
013562R41 
013418941 
0o132760+1 
«13134341 
012993841 
0e 12854441 
el2?l62e¢l 
el 25792+1 
o 124434+) 
012308941 
o121757+1 
o120437+1 
211913041 
ell 7B36+1 
ell6555+1 
ellS267+1 
e114032+¢1 
ell2790+1 
0 111562+1 
el1C347+1 
010914441 
1079551 
1067801 
el1N5617+1 
10446741 
©103331+1 
0 lQ2208+1 
eld0lO9O7+1 
~ 10000041 


pYp? * 


ellO7TEL+1 
e110460941 
e11C039¢1 
21N9672+1 
e 10930941 
e 1089590+)] 
e 108595+]1 
oe 108244+1 
eL07898+1 
010755741 
el07222+1 
olN689141 


2 10656741 


elO6248+1 
e 10593641 
el05€2941 
© 105330+1 
e105037+1 
elD475141 
2 l104200+1 
01939 36+1 
010367941 
01034301 
©103189+41 
© 102556+1 


el102731+41 - 


© 10251441 
eo 102306+] 
010210641 
© 1019144) 
eL101731+41 
elO1lS57T+1 
e10139241 
01012351 
10108841 
~ 10094941 
210082041 
elL0C7C0+1 
10058941 
~ 100488] 
190039641 
© 1003131 
© 100240+1 
-L1001 77+] 
»100123+¢1 


~L000 7941. 


e100044+1 
e- 10002041 
e190000541 
e LQOOGOO+]) 


p/p 

u/u * 
©66716040 
068202140 
069655640 
71075640 
© 12461440 
© 738123+0 
75127740 
«764071 +0 
«77650040 
© 78856346 
e800256+0 
e-811578+0 
«82252840 
e833106+0 
e843312+0 
85314940 
«86261740 
e371 718+0 
e880457+0 
e888835+0 
« 896857+0 
©304527+0 
e 91174940 
e918828+0 
© 92546940 
093177846 
e937760+0 
© 943421+0 
© 94876740 
0 95380440 
© 958653940 
© 962978+0 
e 9687128+0 
e $70995+9 
97145B6+0 - 
«977908+0 
e 98096 7+0 
098377140 
e 986326+0 
e 988639+0 
99071 7+0 
0 99256640 
99419 3+0 
e 99560540 
e 996808+0 
e 9973809+C 
« 99861 4+0 
e $99229+0 
© 999662+0 
eo $9991 6+0 
e LOO0OO+1 
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Compressible 
mM * u/u™ 


uw * 


1.00 
1.01 
1.C2 
1.03 
1.04% 
1.C5 
1.06 
1.07 
1.08 
1.09 
1.10 
1.11 
l.l2 
1.13 
1.14 
1.16 
1.17 
1.18 
1.19 
1.20 
L.e2l 
1.22 
1.23 
1.224 
1.25 
Lle26 
L.27 
1.26 
1.29 
1.30 
1.31 
1.32 
1.33 
1.34 
1.35 
1.36 
1.37 
1.38 
1.39 
1240 
1.41 
1.42 
1.43 
1.44 
1.45 
146 
1647 
1.48 
1.249 
1.50 





1.00000 
1.00904 
1.01797 
1.02479 
1.03551 
1.€4412 
1.05263 
1.06104 
1.C6934% 
1.07754 
1.08564 
1.09364 
L~LOIS5 
1.10935 
LelLl705 
1.12466 
1.13217 
1.13959 
1.14692 
1.15415 
1.16129 
1.16834 
1.17530 
1.18217 
1.18695 
1.19565 
1.20226 
1.20079 
1.21523 
1.22159 
1.22787 
1.23407 
1.224019 
1.24623 
1.25219 
1.25808 
1.26389 
1.26963 
1.27529 
1.28088 
1228640 
1.29184 
1.29722 
1.30253 
1.30777 
1.31294 
1.31805 
1.32309 
1.42807 
1.33299 
1.33784 





TABLE A-3 


- © ste ~ we 


AMCP 706-285 


Flow Functions for Rayleigh Flow, y = 1.20 


TUT 


elLQO0000+1 
99809540 
«99601940 
099378040 
099138540 
98883940 
©985149+0 
©983321+40 
©9RC36140 
e97TT2TH+0 
09714069 40 
097974840 
©947317+40 
©963782+0 
©3960148 +0 
©95641940 
©95260140 
© 948698 +0 
094471540 
94065640 
093652540 
093232640 
o9256C46440 
097374240 
©91936440 
091493440 
291045540 
©90N593040 
©90136340 
89675740 
©89211440 
88741840 
©882732 +40 
°-873240+0 
©386382458+0 
©863656+0 
«854002 +0 
84915440 
© 84429440 
033542440 
844548 +0 
©8729666+0 
0824771940 
©819891+0 
e815002+0 
81011540 
80522940 
«800 348+0 
79547120 


y 


p/p* 


e LOCOOO+1 
98915540 
097843940 


096 78500. 


095 73R8t0 
094705140 
¢936840+0 
092675340 
eSlLETAIF+N 
©906947+0 
e897227+0 
0€& 7627+0 
©878146+0 
oe 86875340 
e85S5536+0 
85040640 
0824139140 
0 8&32469t0 
82 369940 
©815920+0 
e806452+0 
© /97S692+0 
e 185964040 
e 18139540 
0173254402 
eo (6521 8+0 
oe (/572R4+0 
© f/4172940 
o 14408740 


0 126553+0 


of/19114+40 
ef/1l17724+0 
e 10452 3+0 
69 7368+0 
069€3054+0 
65 3332+0 
e665654+0 
066294640 
©6563254*0 
0645978&+0 
064 333540 
063696540 
063067640 
062446840 
061633940 
61228840 
60631540 
ef06417+0 
594529540 


p&p? * 


e 100000 +1 
e LOOCOS+I 
eL00020¢1 
«10004541 
e LOOO#&O +1 
e-LOGC125¢] 
100180] 
© 1062451 
© 1003214) 
elLO00407+1 
© 10050341 
~L00610+1 
~100727+] 
© 100865441 
e~L00992+1 
10114041 
10129941 
© 101469+1} 
© L01649+]1 
e101840+1 
010204241 
e 1L02254+] 
elLO2473+)] 
© 1L02712+1 
© 10295841 
© 10321441 
© 103482+} 
103 760+] 
019405041 
© 1043524) 
o104664+) 
~- 104988 4] 
010532441 
105671 +1 
eL060z2941 
10640041 
~ 106782 +1 
elO7T1764} 
1075821 
~LO8QO0C+1 
e 1084304) 
oe lO8E7241 
elL09327) 
~L0979G+)} 
elLlLOQZ73+1 
e110 7654} 
elllel0+l 
elll7&dtl 
ell231841 
ell2&6é1 +41 
ell3418+] 


# 
p/p 
u/u * 


e LOO0OO+1 
© 99991 8+0 
© 999677+0 
@999282+0 
© S$98739+0 
« 998053+0 
© 997230+0 
«996274+0 
© $95192+C 
«993987+0 
© $92665+0 
© 991231+0 
oe 9289689+0 
« 988043+0 
© $86299+0 
oe 98445940 
e 982530+0 
©978415+0 
°©976238+0 
©573985+0 
© 971662+0 
e 9692 70+0 
°966814+0 
« 964296+0 
96172040 
e959090+0 
©956407+0 
95 3675+0 
950896+0 
©948074+0 
©945211+0 
© $42309+0 
©939370+0 
«936399+0 
933395906 
© $30362+0 
«921730240 
92421640 
e921103+0 
eSLISTTFHO 
©914828+0 
©911660#0 
©9084 7640 
«90527840 
©902067+#0 
e&98844+C 
©895611+0 
«89236949 
© 8389121+0 
e 885866+C 





. >, 
a eee re es Ree Cre ee Poe 


Bi 


| 
E 
| 


ce Se me ee ee ee - 





Pe 


paren 
gy este tae RAEI NTR “si PEAT IIE FD ve. alias we 


“ewe Saat ald ied Oodl 


eau! 


te fen RL 


“ot Nee 


Ce ey, i a 


eo, tote 


AMCP 706-285 


A-206 


TABLE A-3 


Compressible Flow Functions for Rayleigh Flow, y = 1.20 
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Compressible Flow Functions for Rayleigh Flow, y = 1.20 
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e 86152541 
88504341 
9092 3641 
09341 23+1 
©9597 2241 
09860 5441 
0©101314+2 
el QO410042 
© 106965e2 
el O991242 
011294342 
e116060+2 
011926642 
012256342 
012595342 
012943942 
13302442 
el 367102 
«1 4CE50042 
014439742 
014840342 
e lL S29224+2 
= L56757+42 
el61l111¢2 
216558742 
»sLTOLRR4+2 
ol 74S17+2 
el 8G6912+2 


* 

p/p 

u/u * 
© 5403624C 
253781000 
53529640 


e 53282040 
e 53037940 


252797540 


«52560540 
52321140 
52097040 
51870340 
51546940 
© 514267+0 
e 512097+0 
«50995840 
«50785040 
« 50577270 
« 503 723+0 
250170440 
e499 71340 
2497715140 
«49581640 
49390940 
«49202640 
e 49017340 
« 488345+0 
482654140 
«48476340 
e 48400940 
48127940 
e419574+0 
47789140 
© 471623140 
e 41459440 
© 472979+0 
047138440 
o S698! .2C 
e 4£68264+0 
© 466 7134+0 
© %65224+0 
e 463735+0 
«46226540 
e 46081540 
04593830 
045797140 
© 45657740 
© 455201 4¢ 
0 45 3AGItC 
© 45250240 
45117940 
eo 449R7 240 
0 “4858 G4C 
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TABLE A-3 


m+ ae | coll 


AMCP 706-285 


Compressible Flow Functions for Rayleigh Flow, y = 1.20 


u* 


4.00 
4.02 
4.04% 
4.06 
4.08 
4.10 
4.12 
4214 
4216 
4.18 
4.20 
4.22 
4.24 
4.26 
4.28 
4.30 
4.32 
40:34 


4236 


4.38 
4-40 
4.42 
4244 
4.46 
4248 
4.50 
4.52 
4.54 
4.56 
4.58 
4.60 
4.62 
4.64% 
4.66 
4.68 
4.70 
4.172 
4.1% 
4.76 
4.78 
4.80 
482 
4.8% 
4.86 
4.38 
4.90 
4292 
4294 
4.96 
4.98 
39200 


um *s u/u™ 


1.74257 
1.74343 
1.74428 
1.74511 
1.74593 
1.74674 
1.7475% 
le 74833 
1.74911 
1.74987 
1.75063 
1.75138 
1.75212 
1.75284 
1.753564 


1.75427 | 


1.75497 
1.75566 
1.75634 
1.75768 
1.75833 
1.75898 
1.75962 
1.76025 
1.76087 
1.76148 
1.76209 
1.76269 
1.76328 
1.76387 
1.76445 
1.76502 
1.76558 
1.76614 
1.176669 
1.76723 
Le76/777 
1.76830 
1.76882 
1.76934 
1.76985 
1.77036 
1e-77085 
1.77135 
1.77184 
1.77232 
1.77280 
1.77327 
1.77373 
1.77419 


T/7T? * 


e18978640 
eL68087+0 
018641040 
e154754+40 
© 18311940 
e1&150640 
017S6S9512+0 
178233940 
e1 7678540 


0175252404 


el?37374C 
e172241+0 
©170763+0 
© 169304+0 
© 1678634C 
e 166439 +0 
«© 165033+C 
163646440 
e142272+0 
© 160917+0 
© 159578+0 
eL 5825540 
© 156948+0 
© 15565640 
e 15438040 
© 15311940 
15187340 
2150642 +0 
149425 +0 
el 4&222 +0 
e1470344C 
© 145€59+0 
© 144698+0 
e143550+0 
© 14241540 
© 14129440 
© 1401884C 
el AS08940 
e 1 38C06+0 
© 136934+0 
e 13587540 
01 3482840 
© 133792+0 
© 132768+0 
© 13475640 
e1390754+0 
012976440 
ol2t 785+0 
e127816+0 
012685840 
0 125911+0 


p/p * 


010891140 
010788340 
el10&869+0 
e105870+0 
© 10488&4+0 
©103911+0 
«102952+0 
e102¢CC5+0 
010107240 
10015140 
099 2423-1 
eG5834458- 1 
o974612- 1 
eGSh5RR3-1 
oS572E9- 1 
0948 76K-1 
094C378-1 
093 2097-1} 
0924924-1 
©915856-1 
090 7892-1 
e90C029-1 
089226 7-1 
08846C4—1 
e877038-1 
869567-1 
eo 862189-1 
oe §54904-1 
0847710-1 
e84C605-1 
e833587-1 
©o826656—1 
e819810-1 
08130481 
e806368-1 
© 1/99769-1 
0 193249-) 
eo /86808-1 
eo 180444-1 
0o774156-1 
0o1671943-1 
o761804-1 
o155737-1 
o(14S5741-1 
o1/43815=-1 
0 1/371959-1 
e732171-1 
eo 126450-1 
~f2C79S5—1 
e715295-1 
e f0SET9-1 


p%po * 


lL 8991242 
0 195192+2 
e 20061 7+2 
20619342 
e2llLe24+2 
e217&13+2 
0 2238652 
e23IC0834+2 
02364732 
0 2430392 
0 249 12542 
o25E T1642 
026383742 
0o211153+2 
02 (86682 
28638942 
02943192 
© 30246642 
o 21CK3442 
e 319428+2 
0 32825542 
0 337321+2 
e 346631+2 
© 35619342 
e 36601142 
e 31609442 
oe 38E4474+2 
0 397T0TT+2 
40799142 
e&19197T +2 
e430 102 +2 
044251342 
45463742 
o4£6T08442 
41986042 
049297442 
e 506434+2 
52024942 
© 53442742 
e 548978+2 
e 56391142 
o519234+2 
e 594958+2 
© 61109342 
62764842 
o 64463442 
eo 6620460+2 
067991942 
0689828042 
e 71709542 
oe (36395+2 


p/p 
u/u * 


o 44 85844C 
044731140 
« 44605440 
0 44481340 
e 44 3588+0 
044237840 
0 44118446. 
244C004+0 
043883940 
043 168946 
0 43655240 
043543040 
°434322+0 
0433227+0 
© 432146+C 
e431078+0 
© 430023+C 
042698040 
0427195040 
042693346 
042592 84C 
04249 3440 
©423953¢4G 
04229834C 
42202540 
042107840 
e42Z01L424¢G 
041921740 
041830340 
04173994C 
e4165064+C 
415623406 
041475140 
041388840 
4130 36#+0 
041219340 
41135940 
41053540 
o4097T214C 
40891540 
40811940 
©407331+0 
©406553+0 
040578340 
040502140 
0404268+0 
04035234¢¢ 
o4027T87+0 
©4902058+0 
240133740 
© 40062440 
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Compressible 
m* u/u*™ 


ua *® 


5-00 
5-10 
5220 
3230 
5.40 
5.250 
5-260 
2010 
5.80 
5.90 
6-00 
6-10 
6220 
6.30 
6-40 
6250 
6.260 
6.70 
6.80 
6-290 
71200 
T7210 
7220 
7-30 
7240 
7.50 
7.60 
72.70 


8.40 
6.50 
8.60 
8.70 
&. dC 
&.90 
9209 
0.C0 
1.00 
<eCQ 

Pere 
4.09 
5-00 
€-CC 
7209 
ACC 
9.200 
GeCC 
NE IN 


1.77419 
1.77642 
217852 
1.78051 
1.78240 
1.78418 
1.78588 
1.78749 
1.78902 
1-79047 
1279186 
1.79317 
1-79443 
1.79563 
1.79678 
1.79787 
1.79892 
1279992 
1.80088 
1.80180 


1.80268 


1.80352 
1.80433 
1.8051} 
1.80585 
1.80657 
1.80726 
1.80792 
1.80856 
1.80918 
1.80977 
1.81034 
1.81089 
1.81142 
1.61193 
1.61243 
1.81291 
1.£1337 
1.81361 
1.81425 
1.81466 
1.81812 
1.82079 
1.d227A 
1.82434 
1.92597 
1.82657 
1.82736 
1.62806 
1.82863 
2.82911 
1.82952 
1.63333 


TABLE A-3 


Flow Functions for Rayleigh Flow, y = 1.20 


T77T° * 


212591140 
012132540 
e 116980+0 
«11286040 
10894940 
e 10523340 
10170240 
©983414-1 
©951421-1 
e320939-1 
e891875-1 
oe 864 144-1] 
©837667-) 
e812371-1 
e 788187-1 
eo 765053-1 
e 142909-1 


“e@721701-1 


ef01377T-1 
© 681 889-1 
66 3193-1 
© 645246-1 
e628010-1 
0611449-1 
259552T7-1 
e580213-1 
« 565476-1 
e551258-1 
0537623-1 
052445 5-1 
©511760-1 
49951 7-1 
e487705-1 
o476303-1 
© 465293-1 
45465 6-1 
e444380-)1] 
© 434444-] 
© 4724836-1 
e415540-]1 
© 406544-1 
e 330579-} 
o2/13991-1 
e230732-) 
©196936-1 
el7UG36-1 
0 14828 2-1 
© 13C0443-1 
e113634-1 
el 0 3206-1 
092477 3-2 
eht&TQA-2 
2 ONVDO0 


p/p * 


7096791 
06B29 76-1 
6577381 
e63386)-1 
06112481 
e589813-1 
0569477T-1 
0550166-1 
e531813-1 
0514356—1 
0497738-1 
©481907—1 
04668141 
0452415-1 
043866T- 1 
©425532-1 
0412975-1 
o40C9é3— 1 
0 389464—1 
2378450-1 
367893-1 
e357T71—1 
03480581 
e338733-1 
03297 16-1 
03211681 
© 312892-1 
e 304929—1 
029 71266—) 
o28S8RE—-1 
o282717TT—1 
e2 15925—1 
02693181 
0262944—-)1 
0254 7194-—1 
o250856—1 
0245120-1 
02 385 790—} 
02 34292—} 
e2 29043—1 
02240 33-1 
elLRLEALR—-1 
0} 5C479—-1 
el 2bSK2—1 
elO07549-1 
9314152 
eR&LLECI-—2 
0o713823-2 
05 32548=—? 
05643S2-2 
050€679-2 
045735 1-27 
e0NOCN0NO 


pp? * 


073639542 
084059242 
0958 78242 
e iL 0927043 
012442743 
e 14156343 
elL6E0916+3 
oe 18274943 
020735243 
023504743 
26618843 
e 30116843 
© 34041643 
oe 38440743 
© 43366343 
048875543 
055031143 
061902043 
69563243 
e 18097343 
087594143 
98151943 
e LUSIBT8+4 
el2cdBRB+G 
el373I10+4 
© 15328144 
017095244 
e 19C4864+4 
021205944 
0 23386344 
© 262105+4 
2910094 
0 32281944 
0 35779744 
e 39622544 
043840944 
e46846 79+4 
0 53543944 
0 59C921+4 
eF5 160746 
eo (L6B1LCA+4 
eo l81617+5 
© 425284+5 
09531015 
e200437+E 
040] 7RO46 
el7TLI964+6 
e1l42732+7 
ofS 513147 
046422257 
0 14579347 
ele2ebilt+sb 
INE IN 


p/p 

u/u * 
©400624+0 
3971 7440 
39390440 
e 329080240 
© 36785649 
e 385058+G 
© 382397t+G 
037986640 
037145440 
37515740 
© 37296540 
©3708 74+0 
3688 78+0 
e 36697040 
e 36514540 
« 3634004C 
©3617294C 
e 36012840 
«35859440 
°3571234+0 
© 35571240 
© 35435740 
«35305640 
© 35180540 
«350603+0 
« 34944640 
«34833340 
34724140 
© 34622940 
© 34523440 
oe 3442 15406 
34335040 
© 34245740 
© 34159540 
«© 34076340 
«33996040 
© 33918340 
733843240 
33770540 
«33700340 
© 33632340 
© 330597940 
© 32629840 
© 32302540 
© 32046840 
© 312843240 
© 316798540 
© 31543440 
© 31431340 
© 31337240 
31257540 
o 311 89440 
40555640 
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Compressible 
um * M*su/u* 
0.00 0.CG0000 
0.01 0.00023 
0.02 0.00092 
0.03 0.00207 
0204 0.00367 
0.05 0.00573 
0206 0.00824 
0.07 0.01120 
0-08 0.01460 
0.09 0.01844 
0-10 0.02270 
Gell 0.02740 
Oe12 0.03251 
0.13 0.03803 
0014 0.04396 
0.15 0.05028 
016 0.05698 
0.17 0.96406 
0-18 0.07151 
0.19 0.07931 
0-20 0.08745 
0.21 0.09593 
0-22 0.10473 
0.23 0.11384 
0024 0212325 
0.25 0.13295 
0.26 0.14292 
0.27 0.15316 
0.28 0.16364 
0.29 0.17437 
0.30 0.18532 
Ce3l 0.19648 
0232 0.20785 
0.33 0.21941 
0.34 0.23114 
0-35 0.24305 
0.36 0.25510 
0.37 0.26730 
0.38 92279463 
0239 0.29208 
0.40 0.30464 
0.41 0.31729 
0.42 0. 33004 
0.43 0.34236 
C244 0.35575 
0.45 0.36869 
0 246 0.38169 
O47 0.39472 
6.48 0-40778 
C.49 0.42087 
9.50 0.43396 


TABLE A-3 


Flow Functions for Rayleigh Flow, y 


TUT" 


«000000 

0 528862=-3 
e211380-2 
o414988-2 
oe 842890-2 
e131395-1 
2188670-1 
e 255939-1 


oe 332996-1° 


e419607-1 
@515510-1 
e620418-1 
eo 1(34021-1 
e855985-1 
e985956-1 
e112356+0 
e126841+0 
e 14201040 
© 157821+0 
eo 17423240 
©191198+0 
20867640 
022662140 
o 2449870 
e263729+0 
e282803+0 
e 30216240 
e 371764+0 
© 341564+0 
e 361518+0 
e 381585+0 
040172440 
42189440 


©442057+0 © 


46217540 
©482211+0 
©5021 3240 
57190440 
054149540 
©5608 7640 
©580018+0 
09982829540 
051748240 
063575540 
©6595 369440 


e67T1277+0° 


-688488+0 
e 0330940 
e12172640 
137172440 
© 71593293+40 


. 
~“. 


p/p ™ 


e23C000+1 
022597041 
02 258804) 
022973141 
022552341 
02252551 
02289294) 
02225444) 
e228102+1 
22760341 
022704841 
0226438+1 


022577441. 


22505641 
022428541 
02234644) 
022259241 
e2216l2+1 
e22S T1044) 
221964504) 
e21@621+4) 
0217/5291 
02163851 
e2152011 
o21lIQGTT el 
e21l2717+l 
02114201 
e21C0C90+1 
e208727+)1 
0207332+1 
020590941 
© 20445741 
20297941 
e201477+) 
©19S$951 +41 
01984044) 
019683741 
19525141 
01936484) 
©192C3C#1 
019C397+4} 
©188752+¢1 


2 18709541 


oe 185429+]1 
01837531 
ela@2070+}i 
el 8C3AlLF1 
o178687+) 
el7698841 
el7528841 
017358541 


pp 


012551 7+ 
01255091 
© 12548541 
0 12544441 
o125387+1 
012531441 
e 12522541 
012512141 
e 125000+1 
012486541 
012411441 


‘0 1245484) 


e124368+1 
eo l24174+1 
© 173966+1 
0 12374441 
012359941 
0o1l23261+1 
e1l23001+41 
eo i22730+1 
0 122446+1 
012215241 
e-121848+1 
012153341 
e121209¢1 
eo li2O087641 
012053441 
eo 1201844] 
0o119827+1 
0 119464+1 
e119093¢1 
ell 8717¢1 
0118335+¢1 
ell 794941 
011755841 
011716441 
ol1l16766¢1 
211636541 
@115962+). 
01155581 
el1L5152¢1 
ell4745¢1 
011433741 
011393041 
e1135234¢1 
ell3117¢1 
ell 2712+) 
011230941 
el1tl908+) 
ell1I51041 
elLL111441 
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2 1.30 


p/p 

u/u * 
-00C000 
0459887—-3 
e183820-2 
©413089—2 
e 733124-2 
e114299-]1 
© 164149-)1 
o222719-)1 
e289840-1 
e 365319-1 
°o448942—)1 
09404 734—)] 
-639658-1 
© 7146221-1 
e859873-] 
e980 306-} 
e110720+90 
e124022+0 
e 13790340 
© 15232640 
© 167257+0 
eo 1826538+0 
© 19849240 
21472240 
023131140 
0248 221+0 
e 26541440 
e 282854+0 
« 3005050 
« 31832940 
e 336293+0 
¢ 354361+0 
- 37250040 
e 390677+0 
« 408 860+0 
© 427019+0 
«© 44512540 
© 46314940 
e 481 06440 
e498 846+t0 
o 51646840 
e 533910+0 
« 35114840 
« 568163+0 
© 584937+0 
e 601 4500 
© &617688+C 
e 63363440 
e64927TT+0 
© 66460 346 
-679601+0 
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3 TABLE A-2 aa 


Compressible 


og en 
Wee” * 





wee we — oe 


Flow Functions’ for Rayleigh Flow, y = 1.30 : 


M* w*usu® 7%7o* p/p * pyp? * p/p 
: u/u * 
| ‘ 0050 0.43356 .75329340 1417358541 olLli14+1 oATIBOL4¢ 
, 0.51 N44706 =o THH42140 = L TIRES +) olIC722+1 0694256240 
é C.52 0.46616 2 783100+0 01701794) © 11643341 o7055764C 
, O053 0647325 179732240 416847741 =a 1CSS4B4+1 «=. 72253740 
é 0.54 0.46632 o81108140 21647784) elOSSAT+1 .7361374C¢ 
f 0655 0.49937 662437140 =. 16508741 =. 10919141 «=. 749.371 46 
; G.56 0.51239 .3371904#C 116438941 210862041 .76223640 
: Oe57T 0652537 684953340 21617624) 410845341 177472646 
Ge58 0.53831 .86140040 2416002041 210809241 § .78684046 
‘ 0059 0.55120 287278940 .15834441 110774741 3879257646 
: Geo60 0.56403 .88370240 215667641 210738641 1809943246 
ir Oo6l O.57681 189414040 .155C154#) 210704641 282091040 
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TABLE A-3 


Compressible Flow Functions for Rayleigh Flow, y = 1.30 
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1.51 
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1.70 
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1.74 
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1.78 
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1.80 
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AMCP 706-285 


A-216 


Compressible 
u* m™usu* 
3-00 1.62992 
3.02 1.63162 
32004 1.63328 
3-06 1.63692 
3.08 1.63653 
3.10 1.63811 
3012 1.63966 
3ele 1264119 
3-16 1.64269 
3.18 1.64416 
3-20 1.64561 
3022 1264704 
3024 1.64844 
326 1.64982 
3.28 1.65117 
3-30 1.65250 
3-32 1.65381 
3234 1.65510 
3-36 1.65637 
3038. 1.65762 
3-40 1.65895 
3042 1.66005 
3244 1.66124 
3046 1.66241 
3248 1.66356 
3.50 1266470 
3.52 1266581 
3.54 1.66691 
3-56 1.66799 
3.58 1266906 
3.60 1.67010 
3-62 1.67113 
3066 1.67215 
3066 1.67315 
3.68 1.67414 
3.70 1.67511 
3072 1667606 
3.76 1.67701 
3276 1.67793 
3.78 1.67385 
3280 1.67975 
3232 1.68064 
324 1.68151 
3-86 1.68237 
3-88 1.668322 
3.20 12686406 
3.52 1.68489 
3294 1.66570 
4296 1.68650 
3.96 1.68729 
4.00 1.68807 


TABLE A-3 


Flow Functions for Rayleigh Flow, y # 1.30 


171° * 


29518340 
e291893+0 
e 28865340 
oe 285464+0 
e282323+0 
© 279230+0 
27418540 
e273186+0 
e270232+0 
2267323+0 
26445740 
e261635+0 
©253855+0 
©256116+0 
e 25341840 
e250760+0 
© 248141+0 
e245560+0 
e243018+0 
«240512+0 
e23B043+0 
23561070 
e233212+0 
e230548+0 
e228518+0 
©226222+0 
022 3958+0 
©221727+0 
©219527#0 
021735840 
021522040 
e21311140 
21103240 
e208982+0 
e206960+0 
e 204946+0 
e203000+#+0 
20106040 
19914740 
© 19726040 
e 19539940 
© 19356340 
019175140 
e 189964+#0 
e188200t0O 
© 18646140 
© 18474440 
e 183050+#0 
©181378+0 
© 17972840 
17810040 


p/p * 


018110340 
e178898+0 
017673240 
017460440 
17251340 
e17045940 
0 16844040 
e 16645640 
©1645C6+0 
016258940 
e 16070540 
0152885240 
© 15703040 
015523940 
© i153478+0 
015174650 
e £5C041+0 
e148 365+0 
© 14671740 
e 14509540 
14349940 
014192940 
oe 14C 384+0 
© 13886340 
0137367406 
© 13589440 
0 13444440 
eo 133017+0 
e 13161240 
»130228+0 
0o128866+40 
012752540 
e1262046+0 
12490340 
e 12362240 
e122360+0 
e121117+40 
011989240 
11868640 
©117497+0 
011632640 
e115172+0 
© 114C35+40 
© 11291440 
©11181040 
e110721+0 
e 10964820 
e108590+0 
210754740 
e 10651940 
e 105505+0 


pp? * 


40073741 
40921141 
eo41 7879+] 
0426714441 
043581041 
044508 2¢1 
© 4545634] 
© 464259+)1 
0467417241 
4843081 
04946 7041 
050526441 
05160941 
52716541 
53848141 
© 550048+1 
»561870¢1 
057395241 
e 58629901 
59891741 
6118104] 
062498541 
06 3844741 
065220041 
e666252+¢1 
o680606+1 
©695271+4+1 
71025041 
72555141 
04117941 
of/5714141 
0 17344341 
e 79009141 
80709741 
0824645341 
ef€421E041 
86028041 
o87876l1+¢1 
89762841 
©916890+1 
09365534} 
©956626+1 
097711541 
99802 8+1 
10193742 
010411642 
e 10633942 
e 10860842 
e 11092342 
ell 32&6+2 
011569742 


p/p 

u/u * 
e60319940 
e601060+0 
59895240 
© 596 87740 
©594832+0 
e592 818+0 
e 59083340 
58887840 
e 58695240 
58505540 
58318540 
581 34340 
51952840 
37773940 


e575 97T640 


© 57423940 
57252740 
«57083940 
e 56917640 
« 567537+0 
e 56592140 
«564 32840 
oe 562 157+0 
«56120940 
© 559683+0 
e 55817870 
oe 556869440 
e 555231+0 
e553 78840 
e552 365+0 
«55096240 
e 54957840 
54821340 
e546 86740 
e 54553940 
© 54423040 
e 54293840 
e541 66370 
e 546406+0 
« 539165+0 
©53794140 
53673440 
© 53§ 54229 
e534 36640 
33320640 
53206140 
© 53093140 
e 529815+0 
052871440 
0 527T462B+0 
e 92655540 
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TABLE A-3 


-. 7.7 


AMCP 706-285 


Compressible Fiow Functions for Rayleigh Flow, y = 1.30 


uy * 


4.00 
4.02 
4.04 
4.06 
4.08 
4210 
4012 
4014 
4.16 
4.18 
4220 
4.22 
4.24 
4.26 
4.28 
4230 
4.32 
4.34 
4.36 
4238 
4240 
4042 
4044 
4046 
4.48 
4.50 
4.52 
4.54 
4.56 
4.58 
4.60 
4.62 
4.64 
466 
4.68 
4.70 
4.72 
474 
4.76 
4.78 
4.30 
4.82 
4284 
486 
4.88 
4.90 
4.92 
494 
4.96 
6.98 
5.00 


u* u/u* 


1.68807 
1.68884 
1.68960 
1249035 
1.69109 
1.69181 
1269253 
1.69324 
1269394 
1.69462 
1.69530 
1269597 
1269663 
1269729 
1.69793 
1269857 
1269919 
1269981 
1.70042 
L1e70103 
1.70162 
1.70221 
1-7C279 
1.70336 
1.70392 
1.70448 
1.70503 
1.70558 
1.70612 
1.70665 
Le?IIMN7 
1.70769 
1.70820 
1.270870 
1.70920 
1.70969 
1.71018 
1.71066 
1e71114 
1.71161 
1.71207 
1.71253 
1.71298 
1271343 
1.71387 
1.71431 
1241474 
L1-71517 
2.71559 
1.71601 
12/1642 


T77° * 


e178100+0 
oe 17649340 
©1749905+0 
017334140 
01717950 
e170270+40 
e 16876440 
© 16727740 
e16580%940 
1643600 
© 162928+0 
© 16151540 
e160120+0 
eo 158742+0 
e157381+0 
e156037+0 
© 15471040 
215339940 
e152104+0 
e 15082540 
© 149562+0 
eo 14631440 
e147081+40 
e145863+0 
© 14465940 
14347070 
« 1422950 
e141134+0 
13998740 
0134885340 
o 33773340 
e 136626+0 
© 1 3553240 
© 134450+0 
e 133382+0 
eo 13232540 
13128140 
0 130248+0 
e 1 29228+0 
©12821940 
e1l27222+0 
© 176236+0 
012526140 
e 12429740 
0172334440 
12240140 
12146940 
©120548+0 
11963640 
e11873570 
0o117844+0 


p/p * 


e 105505+0 
e104505+0 
e103519+0 
0©102547+0 
10158940 
e 10064 3+0 
©997109-1 
98791 1-1 
-978838-1 
e969888-1 
«961058-} 
0952346-1 
0943751-1 
e935269-1 
©926900-1 
e918642-1 
091C49 1l-]1 
090244 8-1 
e894509-1 
e886672-1 
© 878937-1 
e871302-1 
e863164-1 
© 856322-1 
« 848975-1 
0841721-1 
8345591 
082 7486-1 
e82C501-1 
«81 3604-1 
e 806792-1 
« 80C065~ 1 
oe 19 3420-1 
e 186856-1 
e 180373-1 
e/73969-1 
«16 71642-1 
eo 161392-1 
e/§5217-1 
eo 149116-1 
eo 143087-1 
eo /37131-1 
eo 131244~-1 
0o125428-1 
eo 1/19679-1 
0113999-1 
e (02&384- 1 
e102835-1 
069 7349- i 
69192 8-1 
686568 1 


pp? * 


011569742 
e118156%2 
© 12066672 
e123226+2 
01 25E 3842 
12850342 
el31221¢2 
013399342 
013682142 
e13970542 
014264742 
0145647#2 
14870642 
o 15182642 
© 1550072 
015825142 
16155842 
e 16493042 
- 16836842 
el 7187242 
0 17544542 
17908742 
eo 18279942 
18658342 
© 19044042 
0 19437042 
© 19837632 
20245842 
e206618+42 
021085842 
e215177+2 
21957842 
0224062 +2 
o228631+2 
0 23328542 
o2 3802742 
e24&2857T+2 
e241 TTT+2 
025278942 
0257189442 
26309342 
eo 268 38A+2 
o21713781+2 
eo 21927242 
oe 2848652 
°290560+2 
© 29635842 
e 302262 +2 
e 308271342 
© 31439342 
© 32062642 


p/p 

u/u 
oe 526555+0 
e 5254964+0 
oe 52445140 
e 52341940 
52240140 
e 521395+0 
«e 520402+0 
e 519422+0 
e 518453+0 
51 749TH+O 
e 516553+0 
e 51562140 
©514700t#0 
0513791+0 
e 512893+0 
e 512006+06 
51112940 
e 510264+0 
- 509408+0 
e 508564+0 
e507729+0 
e 506905+0 
e 506090+0 
e 505285+0 
e 50449040 
503710440 
e 50292 7+0 
e 502160+0 
e501401+0 
e 50065270 
49991140 
4991 7940 
e498455+0 
049T7T404+0 
©497032+0 
© 496333+0 
© 495642+0 
© 494959+0 
e 4° 428440 
49 3616+0 
© 492956+0 
» 492303+0 
49155840 
©491020¢0 
e490388+0 
048976440 
© 48914740 
48853740 
048 793340 
48733640 
486714540 
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AMCP 706-285 


A-218 


Compressible 
M * m*s u/u* 
5.00 1.71642 
5.10 1.71841 
6.20 1472029 
5.30 1.72207 
5040 1.72376 
§.50 1.72536 
$e60 1.72687 
5.70 1.72831 
5.80 1.72968 
5.90 1.73098 
6.00 1.73222 
6.10 1.73340 
6-20 1.73452 
6.30 1.73559 
6040 14273662 
6.50 1.73759 
6.60 1.73853 
6.70 1.273942 
6.80 1.74028 
6.90 1-74310 
7-CO §=1.74189 
7-10 1.74264 
7220 1274336 
7-30 1.74406 
7.40 1.74472 
7-250 1.74536 
7e60 3661 74598 
Te70 3=—s 16 74657 
7e80 = 1474714 
7.90 1.74769 
8.00 1.74822 
8.10 1.74873 
8.20 1.74922 
8.30 1.74969 
8.40 1273015 
8.50 1.75059 
8.60 1.75102 
8.70 1.75143 
8.80 1.75183 
§.90 1.75221 
9.00 1.75259 
10.00 1.75573 
11.00 1.75805 
12.00 1.75983 
£3.00 1.76121 
14.00 1.76231 
15.00 1.76320 
16.00 1.76393 
17.00 1.76453 
18.00 1.76504 
19.00 1.76547 
20.00 1.76583 
INFIN 1.76923 


TABLE A-3 


Flow Functions for Rayleigh Flow, y = 1.30 


To/7? *. 


e117844+0 
e 11353140 
e 10944640 
«10557340 
10189840 
o984086-)1 
©950922-1 
e919380~-1 
«889356-1 
e860T5T=—1 
e833495-1 
e807490-1 
e (82666~]1 
o 198954-1 
« 136290-1 
e 114613~1 
e693868-1 
©674003-1 
e654969=-1 
e636 722-1 
e619218-1 
« 602419=1 
e 5862871 
51ND T89-j 
e555891-—1 
e 541563-] 
5277781 
e501727-1 
e 48941 2-1 
e466096-1 
© 455052-1 
e 4443941 
© 424163-1 
oe 414558-1 
« 396295-1 
e 38 T61L0-1 
0 379206-1 
e 308257-1 
e 255435-1 
e215070-1 
eo 183543-] 
© 158457-1 
e138173-1 
e107736-1 
e961534-2 
e 900000 


psp * 


©686568-1 
oe 66C6 74-1 
06362041 
0613056-1 
o591139-1 
e55C662-1 
e531953-1 
05141 74-1 
049 71266— 1 
0481172—1 
©465842-1 
0451229-1 
04372881 
042397T9-1 
0411266-1 
e3991L12-1 
o387486—1 
e365701-1 
0355487-1 
©345894—1 
0336297T=—1 
03271277-1 
e318613-1 
e31C287-1 
0 302282-1 
e287170—1 
e28C0034-1 
02731591 
0266534—1 
e260146-1 
0253984-1 
e248038—1 
0242297-1 
of 36752—1 
e231396-1 
0226218-1 
e221212-1 
0216369-1 
e175573-1 
0145294—1 
e899 141-2 
oe 183646—2 
e489036-2 
©610566—2 
0544 166-2 
e489050-2 
«000000 


pp? * 


o 32062442 
0 35349742 
oe 38940442 
04285h3+2 
4712882 
51779042 
© 568377 +2 
0623352+2 
68303942 
eo 14778142 
81793942 
e 893896+2 
e976058+2 
e 106485+3 
© 11607343 
12641 7+3 
eo 137567+3 
e 14957543 
e 16249943 
eo 176395+3 
eo 191325¢#3 
e 20735543 
0 22455143 
o 24298543 
026273243 
e 28386943 
e 30647 8+3 
e 330645+3 
e 356460+3 
e 38401 6+3 
41341143 
© 44414844 
e476133+3 
e 513678+3 
e 551499+3 
© 59171843 
oe 63446143 
e 679859+3 
e 12805043 
e 179177+3 
e 833388+3 
e 158228+4 
© 285290+4 
49191044 
© 81586144 
e 130794+5 
e203500+5 
e 308342+5 
© 456295+5 
66110745 
©939778+5 
©131309+¢6 
INFIN 


p"/p 

u /u * 
e46RO71G45¢tG 
04811 794C 
047861140 
04761 7464C 
04738584+0 
04716574+0 
46956340 
04615694+G 
© 46566940 
©463857+¢0 
©46212940 
©4604 7940 
° 45890340 
45739540 
45595440 
45457440 
©453252+0 
45198540 
©4507 7140 
44960640 
44848740 
044741340 
44638140 
044538940 
44443540 
©443516+0 
©442632+0 
044178140 
44096040 
44016940 
043949640 
«43867040 
43794040 
0437271440 
©436611+40 
©43597040 
43535146 
043475340 
«4341 73+0 
43361340 
42887940 
©425354+40 
©422658+0 
«42055340 
o418877+0 
41752240 
«41641040 
41548840 
041471340 
e 41405740 
e 41349740 
040828440 
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Compressible 
u* m* u/u™ 
0.-CO 0200000 
O.-0l 0200024 
0.02 0.00096 
0.03 0.00216 
0.04% 0.00383 
0.05 0-00598 
0.06 0.00860 
0.07 0.01168 
0.08 0.01522 
0.09 0.01922 
0.10 0.02367 
Oell 0-02856 
Oel2 0.03388 
0.13 0.03962 
0.14 0.04578 
0.15 0205235 
0.16 0.05931 
O.l? 0-06666 
0.18 0.07439 
0-19 0.08247 
0-20 0-2-0909] 
0.21 0.09969 
Oe22 0.10879 
0.23 0211821 
022% 0e12792 
0.25 0.13793 
0-26 02-14821 
O.27 0.215876 
0.28 0-16955 
0.29 0.18058 
0.30 0219183 
0.31 0.20329 
0.32 0021495 
0.33 0222678 
0.3% 0.23879 
0.35 0-25096 
0.36 0226327 
0.37 0e27572 
0.38 0.28828 
0.39 0.30095 
Ue40 0231373 
0.41 0232658 
0.42 0.33951 
0.43 0.35251 
0-44 0.36556 
0.45 0237865 
0-46 0.39178 
0.47 0240493 
02.48 0241810 
0.49 0.43127 
G.50 G 244444 


TABLE A-3 


AMCP 706-285 


Flow Functions for Rayleigh Flow, y = |.40 


TY 7° * 


e00C0OO00 

5 75839-3 
0142997-1 
e205286—1 
2 78407=—1 
e362122-1 
© 796982-1 
010694640 
e121805+0 
013742940 
e153769+0 
o170779+0 
e188410+0 
20661240 
022533340 
0244523+0 
©264132+0 
e284108+0 
30440040 
e 324957+0 
©345732+0 
e 3666 7440 
38773740 
40887340 
e430037+40 
45118740 
047227940 
49327340 
51413140 
°334816+0 
55529240 
57552640 
259548840 
061514840 
«53447940 
65345540 
67205440 
©690255+0 
e708037 +0 
e 725383+0 
© 142278+0 
e758707+0 
© 17465940 
©790123+0 


p/p ™ 


e24C000+1 
02399661 
o23S866+1 
2396981 
023946441 
02391631 
0238719641 
0 23836541 
02378691 
023730941 
023668641 
e 23600241 
023525741 
0o234453+1 
02335901 
eo 23267141 
23169641 
023066741 
0223958641 
oe 22845441 
022727341 
022604441 
022477041 
eo 22345141 
e222091+41 
e 2206901 
021925041 
eo 21777441 
e216263+1 
021471941 
021314441 
021153941 
2099081 
0 208250+1 
e206569+1 
oe 20486641 
e203142+1 
20140041 
© 19664141 
019786641 
e196U7B8t1 
019427941 
019246841 
e 19064941 
e188822+1 
1869891 
el85151+41 
e183310+% 
18146641 
el79622+1 
eiTT7784+i 


pp? * 


01267884} 
012677941 
012675241 
012670841 
e12664671 
e126567+1 
012647041 
e 12635641 
012622641 
012607841 
01259154) 
012573541 
© 12553941 
012532941 
e 12510341 
e 12486341 
12460841 
012434041 
oe 12405941 
o1l237654] 
012346041 
012314241 
012281441 
oh 2247541 
0o122126+1 
el 2176741 
012140041 
e121025+1 
012064241 
e120251741 
e119855¢1 
0119452+]1 
© 1190451 
e118632+41 
o118215+]) 
ell7795+1 
elLl1l/737141 
011694541 
el l651741 
e116088+]1 
01156584] 
elL1522741 
011479641 
011436641 
11393641 
e113508+¢1 
elL13082¢1 
e11265941 
01122384) 
e111820+1 
eLlli405+4i1 


p/p 

u/u* 
«000000 
e419875-3 
- 191800-2 
@ 430991-2 
2 764816-2 
©o119224-1 
e171194-1 
e 232233-1 
e 302154-1 
467717 1=-}i 
e 666064-1 
eo 776751-1 
© 89471 2-1 
© i101961+0 
e115110+0 
e128882+0 
e 143238+0 
© 1598142+0 
e 173554+0 
e 189434+0 
e 205742+0 
e 222439+0 
© 239484+0 
e256837+0 
e 21445940 
e292311+0 
e 310353+0 
e 32854940 
e 346860+0 
e 365252+0 
e 383689+0 
e 402138+0 
e 420565+0 
e 4£38939+0 
© 45 7232+0 
@ 47541 3+0 
e 493456+0 
e 511336+0 
e 52902 7+0 
e 546508+0 
e 563758+0 
e 580756#0 
59748440 
e613927+0 
e 63006 7+0 
e 645893+0 
e 66139040 
e 67654940 
e691358+0 
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AMCP 706-285 


A-220 


Compressible 
w* m™usu* 
0.50 0244444 
0.51 0245761 
0.52 0.47075 
0.53 0448387 
0.54 0.49696 
0.55 0.51001 
0.56 0.252302 
0.57 0253597 
0.58 0.54887 
0.59 0.56170 
6.60 0257447 
0.61 0.58716 
0.62 0.59978 
0.63 0261232 
0.64 0262477 
0.65 0.263713 
0.66 0264941 
0.67 0.266158 
0.68 0.267366 
0.69 0268564 
0-70 0269751 
O.71 0.70928 
0.72 0.72093 
0.73 0273248 
O.?4 0.274392 
0.75 0275524 
0.76 0276645 
O.77 0277755 
0.78 0.78853 
0.79 £42.0.79939 
0.80 0.81013 
0.81 0.82075 
0.82 0.283125 
Oe83 0284164 
0.84 0.85190 
0.85 0286204 
0.86 0.87207 
0-67 0.88197 
0.88 0.89175 
0.89 0.90142 
0.90 0.291097 
0.91 0.92039 
0.92 0.92970 
0.93 0.93889 
0.9% 0.95797 
0.95 0.95692 
0.96 0.96577 
0.97 0.97450 
0.98 0.9831ik 
0.99 0.99161 
1.00 1.00000 
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TABLE A-3 


Flow Functions for Rayleigh Fiow, y # |.40 


T/T? * 


e7190123+40 
«805091 +40 
081955440 
«83350840 
084694840 
©8598 7040 
0872271440 
e884158+0 
©895§23+0 
090637140 
e316704+0 
092652740 
09 3584370 
294465740 
03529 1640 
96080640 
96815570 
97503040 
09814390 
98 7391+0 
99289540 
©997961+0 
10026041 
100682 +] 
19106241 
210140341 
-101706+) 
10197041 
elLO21L98 41 
e10239041 
010254841 
e102672+41 
eL0276341)1 
10282341 
- 10285341 
©1028544])1 
e102826+41 


—e@lO2TTI1L41 


e102689]) 
©102583+]1 
01924524] 
elO0229741 
©10212041 
©101922+4)1 
©10170241 
©101463] 
10120541 
1009291 
e 10063641 
e100326+1 
- 10000041 


p/p * 


ol77778+1 
eo 17593541 
017409541 
01722581 
el 7042641 
e 16859941 
el6677841 
016496441 
e 16315941 
16136241 
0o159574+1 
015779741 
015603141 
015427541 
© 152532+1 
15080141 
1490831 
014737941 
e145688+1 
014401141 
© 14234941 
e14C70141 
13906941 
013745241 
eo 13585141 
«134266+1 
© 13269641 
013114341 
e129606+1 
o128086+1 
012658241 
01250951 
012362541 
al22171+1 
012073441 
011931441 
el1l791L11+1 
011652441 
011515441 
ell 38C1+1 
011246541 
211114541 
10984241 
1085551 
01072851 
e~106C31¢1 
e 1047931 
elO03571+1 
© 10236541 
210117441 
elOC0COCt+l1 


pp? * 


01114051 
211099541 
-110588+1 
©110186+1 
210978941 
210939741 
elLO0901LL+1 
e 10863041 
e108256+1 
el0T887+1 
210752541 
©1073 7041 
0106822+1 
210648141 
elI614741 
e105821+1 
210550341 
e10519341 
1048901 
© 10459641 
010431041 
210403341 
01037644] 
e103504+41 
e103253+1 
e103010+41 
elO2Z277IT+1 
010255241 
010233741] 
eo 10213141 
10193441 
10174741 
©101569+1 
e101400+41 
010124141 
e101091+41 
10095141 
21008201 
e 10069941 
©100587+1 
-100486+1 
e 100393+1 
e100311+1 
e100238+1 
eL100175+1 
e100121+1 
elLO000T8+} 
© 10004441 
210001941 
e 10000541 
e LOOON0+1 


p/p 

u/u* 
«69135840 
e 10581040 
«11989740 
e 733612+0 
oe 14695140 
e 15699100 
oe 172486+0 
oe 184675+0 
e 196478+0 
e807894+0 
e 818922+0 
«829566+0 
e 839825+0 


'2¢849703+0 


«85920340 
e 868329+0 
e877084+0 
e 885473+0 
e 893502+0 
© 901175+0 
e908499+0 
91547940 
©922122+0 
oe 928435+0 
093442 3+0 
« 94009540 


094545640 


© 950515+0 
e955278+0 
e959 15440 
e 963948+0 
oe 96 7869+0 
©971524+0 
©974921+0 
©978066+0 
e 980968+0 
98363 3+0 
« 986069+0 
¢988283+0 
© 990282+0 
©992073+0 
« $93663+0 
e 995058+0 
@ 996266+0 
e997293+0 
e 998145+0 
©998828+0 
e 999350+0 
e 999715+0 
- 999930+0 
el100000+1 
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Q+%714e209° 
O+16S809° 
0+9906719° 
O+20E129° 
0+982129° 
O+09E7C9° 
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A-222 


AMCP 706-285 


Compressible 


uw * 


1.50 
1.51 
1.52 
1.53 
1.54 
1.55 
1.56 
1.57 
1.58 
1-59 
1.60 
1.61 
1.62 
1-63 
1.64 
1.65 
1.66 
1.67 
1.68 
1.69 
1.70 
Lell 
1le?2 
1.73 
121% 
1.75 
1.76 
1.77 
i178 
1.79 
1.80 
1.81 
1.82 
1.83 
1.34% 
1.85 
1.86 
1.87 
1.88 
1.89 
1.90 
1-91 
1.92 
1.93 
1294 
1.95 
1.96 
1.97 
1.98 
1.99 
2.00 


we u/u* 


1.30120 
1.30536 
1.30945 
1.31349 
1.31748 
1.32142 
1.32530 
1.32913 
1.33291 
1233663 
1.34031 
1.34394 
1.34753 
1235106 
1.35455 
1.35800 
1236139 
1.36475 
1.36806 
1.37133 
1.37455 
le3777% 
1.38088 
1.38398 
le 38705 
1.39007 
1.239306 
1.39600 
Le 39891 
1240179 
1240462 
1.40743 
1-41C19 
1.41292 
1.41562 
1.41829 
1242092 
1.42351 
1.42608 
1.42862 
1e43112 
1643359 
1243604 
1243845 
1244083 
1.44319 
1.44551 
1.44781 
1.45008 
be452 33 
1.45455 


TABLE A-3 


Flow Functions for nayreign Flow, y # 1.40 


177° * 


e 156250440 
oe 74731740 
©742153+0 
73701140 
oe 13189430 
e 12680240 
e 12173570 
e 716695740 
71168170 
e 70669440 
e101736+0 
69680570 
69190470 
68703140 
6821890 
67737640 
67259330 
66 784140 
©66312020 
65843040 
065377240 
064914520 
64454940 
63998640 
© 63545440 
8 3095530 
062648740 
062205240 
e617650+0 
061327940 
060394240 
©66463670 
©60C0363+0 
©596123+0 
©59191440 
e587735+0 
58359540 
05 79484+0 
05 7540440 
057135740 
056734240 
056335940 
55940840 
©555488+0 
55160040 
0547174340 
54391840 
54012340 
e 536360+0 
©532628+0 
©528926+0 


p/p * 


eo 578314+0 
57250040 
« 566 165+0 
e561107+0 
e 55§525+0 
e 550018+0 
eo 544584+0 
e539222+0 
oe 533932+0 
e528712+0 
«52356140 
oe 518478+0 
e513462+0 
e508512+0 
e 50362670 
oe 498 805+0 
©494047+0 
e489351+0 
4847) 6+0 
e480141+0 
© 475625+0 
e471167+0 
e466 167+0 
«46242 340 


e 452813540 


e453901+0 
e449 722+0 
eo 44559570 
44152140 
©437498+0 
« 43352640 
e 42960440 
04257132+0 
e421907+0 
e418130+0 
41440140 
41071740 
©407079+0 
e 403486+0 
e 399593840 
« 39643240 
e 392970+0 
e 389550+0 
e 386172+0 
e 382834+0 
e 379537+0 
e 376280+0 
e 373062+0 
e 369882+0 
e 366 14140 
e 363637+0 


pp? * 


011235441 
© 11264941 
011315341 
11366841 
011419341 
011472841 
o11527441 
11583041 
1163974} 
11697441 
e117561+)1 
0©1181594¢1 
e118768+} 
©119387+1 
e120017+41 
012065741 
012130941 
e12197141 
012264441 
01233284) 
eo 12402341 
© 1247301 
012544741 
e1261 7541 
e 12691541 
012766641 
o12842841 
el 29202+1 
1299874] 
© 13078441 
013159241 
013241241 
0 1332444) 
013408841 
01 3494341 
013581141 
13669041 
013758241 
013848641 
013940241 
e 14033041 
e1l4127141 
0142224+1 
© 14319041 
14416841 
014515941 
014616341 
014718041 
014821041 
014925341 
«15030941 


p/p 

u/u* 
« 909276+0 
e 906 75 740 
e 904239+0 
e 90172140 
e 89920 5+0 
e 896692+0 
e 894182+0 
e 891675+0 
e 889174+0 
e 88667 7+0 
e 88418630 
e 881702+0 
e 879225+0 
e 876755+0 
e 874293+0 
« 87183940 
« 869394+0 
e 86695 8+0 
e 864532+0 
e 862115+0 
e 859 709+0 
e 857314+0 
e 85493040 
e 85255640 
e 850195+0 
e 84 7845+0 
e 845507+0 
e 843181+0 
e 840 86 8+0 
e 838567+0 
e 836279+0 
« 834004+0 
e 83174340 
e 829494+0 
e 827259+0 
e 82503849 
e 822830+0 
« 820635+0 
e 818455+0 
e 816288+0 
e 814136+0 
e 81199740 
e 80987 3+0 
e 807763+0 
e 80566640 
e 803585+0 
«80151 7+0 
e 19946 340 
» 19742440 
e 195399+0 
e 193389+0 
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“ TABLE A-3 


Compressible Flow Functions for Rayleigh Flow, y 2 1.40 





| m* m*usu*® = 77T°* psp * p/p? * p/p 

) : u/u * : 
[ : : 
- \ 7 2.00 1.45455 2522592640 236 363740 - 15030941 «79338940 . 
= 2-C2 1.45890 ©52461440 03575 39+0 015246241 © 78941040 re 
: 2204 1.46315 051442340 © 35158540 0 15466841 78548940 s 
] 2.206 1.4673) 250735140 034577040 15692841 0 78162440 : 

| 2.08 1.47136 .500396+0 © 34C090+0 015924441 ©777815+0 

2.10 1.47533 49355940 0 33454240 © 16141601 © 77406440 

2eh2  8=1.47920 =. 48663540 =. 32912140 §= 16404441 = 6. 770368 +0 

, 2.14 1.49298 o4AC22540 =. 32382440) 3=. 6. 1 6 531 #1 © 76672840 

2216 1.42668 047372740 °318648+0 2 16907641 e 76314240 

2.18 1.49029 —.467338+40 © 313588+0 © 1716801 «756961240 

7 2-20 1.49383 46105840 © 308642+0 0 197434441 ©7561 3540 

2022 1.49728 0 45483440 ©3038C7+0 8=.1770701 © 75271240 

2224 1.50046 044881540 °299079%+0 217985841 © 74934240 

2226 1.50396 044285040 029445640 218270841 © 74602440 

2228 1.507}9 © 431698540 © 28993440 - 18562341 © 74275840 

| 2.30 1.51035 0434122140 028551140 2.188602+1 0 73954340 

i 2032 1.51344 042555440 028118440 «19164741 073637940 

: 2634 1.51646 ©419985+40 027695040 019475941 073326440 

’ 2036 81651942 = 41450940 =o. 27280740 =. 19793841 = «6 7301 9940 

; 2238 1.52232 040912740 026875240 «20118741 072718240 

2.40 1.52515 © 40383740 0264786440 © 20450541 072421340 

: 2242 1.52793 © 39863640 ©26089940 o 20789441 © 72129140 

2244 1.53065 .393523+40 025709640 8 621135641 071841540 

2246 1.53331 2 38349740 025337240 3§=6n. 214 89041 © 71558540 

; 2248 1.53591 2 383556+0 024972640 2421849941 © 71280040 

t 2-50 1.53846 2 37369940 © 24615440 022218341 «71005940 

2-52 1.54096 - 37392340 024265640 0 2259431 - 70736240 

oa 2.54 1.5434] © 36922840 023622940 222978141 © 70470840 

_ 2256 1.54581 © 36461240 023587240 .233698+1 270209640 

; 2.58 1.54816 » 360073+0 023258240 023769541 069952540 

| 2060 1.55046 .35561040 22935840 .24177441 69699540 

2262 1.55272 ° 351222+0 022619940 2424593541 «69450640 

2.64 1655493 134690740 222310240 225017941 .69205640 

2266 1.55710 2 342664+0 022006640 © 25450941 068964440 

, 2.68 1.55922 2 338491+0 021709040 » 258925+1 068727140 

2270 1.56131 2 334387+0 021417140 .263428+1 © 68493540 

2.72 1.56335 e 330351+0 021131040 «26802141 «68263640 

2.74 1.56535 «37638140 «20850340 0 27270341 «68037440 

2276 1.56732 2 322477+0 020575040 o 27747841 067814740 

2-78 1.56925 2 318636+0 020305040 .2823465+1 067595440 

2.80 1.57114 ° 314859+0 020040140 2.287307+1 067379740 

! 2.82 1.57300 e 31114240 019780240 0 2923651 067167340 

t 2084 1.57482 230748690 .19525240 229752141 .669582+0 

2-86 1.57661 « 303890+0 019274940 §=6.. 30277441 066752340 

2.88 1.57836 30035140 019029340 30812941 © 66549740 

2-90 1.58008 © 29686940 018788240 ° 313585+1 666350240 

' 2292 1.58177 0 29344340 018551540 0 31914441 © 66153840 

: a 2294 1.58343 .2290072+0 018319240 2 32480841 © 65960440 

2.96 1.58506 2 28675540 ©18C911+40 2 33057841 ©657700+0 

| 2298 1.58666 © 2834900 017867140 0 33645741 © 655825+0 

t : 3.00 1.58824  .280277+0 .176471+0 © 34244541 65397940 








) 


tm nt ee i 8 es me tn. end + ee a Os = Ow OR, ee On 0 et. ome ~ ae 6 am ae os eee 


ay. 


A-223 





CS 


7 - nip te: 3 — s - sat ee --= ey 

- ~s — ---- -ewe Sy we wer ee NN ere ey of ee ee ees - oe _— 2 ae! le - °~-r-e7me o -_— . = : 

: . -_ z . y Seam Chen SRB ete wee 1 que om a Do amee 8 OO ee @ Omen on ws Ww 2 ow 
PS 8 OO eee Rae. Sl Qe NT PO CEP ereet 


™\ -- ee ww om Mae pe 


AMCP 706-285 





_ TABLE A-3 


Compressib(~ Flow Functions for Rayleigh Flow, y = 1.40 


yy * 


3.00 
3.2 
3.04 
$406 
34.08 
3.10 
3.12 
3214 
3216 
3.18 
3.20 
3.22 
3024 
3026 
3028 
3.30 
3232 
3234 
3236 
32%8 
3e4G 
3042 
3444 
3644 
3048 
3e5e 
3-52 
2234 
3256 
3-58 
3.60 
3-62 
325% 
366 
3.268 
3-70 
3-72 
307% 
3276 
3.78 
3.80 
3282 
3284 
3-86 
3u8A 
32930 
3292 
304% 
3.96 
30399 
4.0L 


Ms u/e* 


1.58324 
1.58978 
1.59129 
1.59278 
1.59425 
1.59568 
1.597093 
le 59OK48 
1.8 39G5 
1.60 '19 
1266250 
1.60329 
1.60507 
1.60632 
1.60755 
1.60877 
1.60996 
1.61113 
1.61228 
1.6134) 
1.61453 
1.61562 
1.61670 
1.61778 
16168, 
1.61983 
1.62085 
1.62184 
1.42282 
1262379 
1.62474 
1. $2567 
»»62660 
1.62750 
1.62840 
1.62928 
Le63S0N14 
1.63160 
1.63184 
1.53267 
1.614348 
1.63429 
1.€3508 
1.63586 
1263663 
1263739 
1.63814 
1.63888 
1.63960 
1.64032 
*264103 


r77T°o* 


e2AC277+0 
027711540 
274002 +0 
27093940 
©267923+0 
25495440 
028203170 
© 25915340 
0256 320+0 
o2%3530+0 
o25C T8340 
24807840 
024541440 
024279040 
024620640 
23766140 
024515440 
02 34268-,+0 
o23C251¢0 
02727185440 
022549340 
022316649 
027 0873¢0 
21861446 
e216387+0 
o21°489470 
021203140 
20990040 
2077990 
«20572870 
°203687+0 
e201874+0 
© 199690+0 
019775440 
«195806+0 
© 19390440 
~192029+0 
ei9018046 
o1l88356+4+0 
118655740 
01847840 
© 183034+0 
eo} B81308+49 
~179605+0 
el ?%19264+0 
ol 7626940 
017463440 
0173022¢0 
©171430+0 
16986040 
e 16831140 


p/p * 


el76471+0 
©174310+0 
© 172188+0 
ol 70.440 
e L62C564+0 
© lL 6674440 
e L640674#+0 
e 16212540 
© 16C216+0 
e 15833940 
eo 156459540 
© 154682+0 
15289940 
015114740 
© 149423406 
014772940 
© 146062+0 
© 14442340 
© 1428114C 
e141225+0 
e135665+0 
13813040 


e 13€620+0 °* 


~135)33+9 
e133671+0 
013223245 
01 3C8E1L54+0 
0129420+0 
el 2804845 
e lL 266940 
012536640 
0i24C56+0 
eo1l22766+0 
©121496+0 
el 2024S) 
e11G012+0 
o117799+0 
e 116860340 
0 115426+0 
© 114265+0 
el 13122+0 
11199640 
oe ll1C8R6+4+0 
« 10979340 
elOS87LS+#0 
10765240 
«10660540 
e 105573+0 
2104556+0 
e 10355340 
«10256440 


pYp? * 


© 342445 +1 
© 3485444] 
¢ 3547554] 
3610814} 
© 36752464] 
03740844] 
© 3807634) 
© 3875644) 
039448841 
040153641] 
e40AR711L 4] 
04160144] 
04234484) 
043101 34] 
043871341 
446548 41 
045452141 
©4626 3641 
~470888+] 
047928641 
0487829] 
4965204) 
058053614] 
05143544} 
052350041 
053280241 
05422634) 
055188341 
056166641 
057161441 
oSH81LT284] 
592012+]1 
0602467) 
©613095.] 
062390041 
63483834) 
64604641 
065739341 
£689 25+41 
6806454} 
06925551 
© 10465841 
071695641 
1294524] 
014214941 
0795504841 
e 7681 5441 
1814674] 
079499) +1 
of 0872941 
e 522°834'] 


j 


p/p 

u/u* 
e 653979+0 
e6S52162+0 
e 650371+0 
e 6493608+0 
a 646872+0 
© 45162+0 
e 64347840 
©4181 940 
e 640185+0 
oe 63857540 
e £36989+0 
© 63562 7+0 
e 633888+0 
e 63237146 
« 630877+0 
e 6294¢05+0 
e 62 7954+0 
© 62652540 
e 625116+0 
e 623727+0 
e 62235940 
e621010+0 
e 619681+0 
e 618370+0 
e 617079+0 
e 61580540 
«e 61455040 
e 613312+0 
e 51209140 
e 610888+0 
e 6039702+0 
«e 08531+0 
e 607378+0 
e 506240+0 
e 605117+0 
© 604611+0 
» 602919+0 
e 601 842+0 
e 60078040 
© 599732+0 
e5984698+0 
59767840 
59667240 
e595679+0 
e 59469940 
05937330 
59277940 
391 837+0 
° 590908+0 
e 58999140 
e 2989086+0 
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Compressible 
mu™ m*u/u* 
4.00 1.64103 
4.02 1.64172 
& 20% 1.64241 
4.06 1264309 
4.08 1.64375 
4.10 1264441 
4.12 1.64506 
414 1264570 
4.16 1264633 
4.18 1-64696& 
4.20 1.64757 
4222 1.64818 
4024 1.64878 
4.26 1.64937 
4.28 1264995 
4-30 1265052 
4.32 1665109 
4.34 1.65165 
4.36 1.65220 
4.38 1.65275 
4.40 1.65329 
4242 1.65382 
4044 1265434 
4246 1265486 
4.48 1.65537 
4.50 1.65588 
4.52 1.65638 
4.5% 1265687 
456 812465735 
4.58 1.65783 
4260 1.65831 
462 1.65878 
4.64 1465924 
4.65 1.265969 
4.68 1.45014 
4.70 166059 
4.72 1.66103 
427% = 12666146 
4.76 1.66189 
4.78 1.66232 
4.80 14666274 
4.82 1.66315 
4.8% 1.66356 
4.86 1.66397 
4.88 1266436 
4.90 1266476 
4092 31266515 
4.94 1.66554 
4.96 1066592 
4.98 1.66629 
5440 1.66667 
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Flow Functions for Rayleigh Flow, y # |.40 


TT 


e168311+0 
e166781+0 
eo 165272+0 
e163783+0 
eo 16231340 
e 160862+0 
e}59430+0 
e158016+0 
© 15662140 
e 15524340 
15388340 
© 15254020 
015121440 
© 14990570 
e148612+0 
e147336+0 
e146075+0 
14483040 
oe 14360040 
© 14238630 
014118640 
e 14000140 
-1438831+0 
0137675+0 
e 13653340 
0 13570440 
e 13428940 
eo 13318840 
e 13210040 
eo 13102440 
eo 12996240 
01289120 
012787440 
eo 12684840 
oe 12583540 
eo 124833+0 
0o123843+40 
»~122864+0 
012189740 
12094140 
011999640 
11906140 
11813740 
011722440 
011632140 
0 Li1542840 
© 11454540 
011367240 
elt 280940 
011195540 
e1111114¢0 


p/p * 


e 102564+0 
e 10158940 
e 10C628+0 
e996802-1 
098 7454-1 
©978236-1 
eo 96S144-1 
e96CILTI7-1 
© 951331-1 
©9426C6-1 
e 933999-1 
©925507-1 
e917130-1 
oe 908864-1 
©90070 7-1 
e892659-1 
eB84717-1 
e87T6879-1 
e 869143-1 
e861508-1 
e85397T2-1 
eo 846533-1 
@ 8396190-1 
e831941-1 
e824784-1 
e817718-1 
e81C 7142-1 
e 80 3853-1 
oe /97051-1 
e 19C334-1 
e 183700-1 
eo f/717149-1 
e 170678-1 
oe 164288-1 
0 157975-1 
e 151740-1 
e 145580-1 
e 139495-1 
e 13348 3-1 
0 127544-1 
eo 1/21675-1 
eo f/15877T-1 
eo f1C148—3 
oe 104486-1 
e698891-1 
©693362-1 
68 7898-1 
©68249T-1 
e677159-1 
eo 67188 3-1 
e 666668-1 


pp? * 


082268341 
83685641 
8512501 
865869) 
e880715¢1 
89579241 
091110141 
092664641 
094243041 
095845641 
091472641 
099124441 
el O08O1L+2 
e 10250342 
010423142 
10598542 
010776542 
©1095 7242 
0111406+2 
eLll32674+2 
011515542 
ell TO71L4+2 
©11901642 
o1209894+2 
012299142 
0125022+2 
o127063+4+2 
2i2917442 
013129542 
«13344642 
oi 3562842 
oe 13784242 
14008742 
oe 14236542 
2 14467542 
el4701742 
014939342 
e15180242 
eo 15424442 
015672142 
e 15923342 
el617TBOF2 
e 16436242 
© 16698042 
e 16963442 
017232442 
2175051+¢2 
el77816+42 
eL&d61942 
~L68345942 
18633842 


p/p 

u/u* 
e 589086+0 
e 588193+0 
e 58 7311+0 
e 586441+0 
e 585582+0 
- 58473440 
e 583896+0 
e 583069+0 
« 582253+0 
e 58144740 
e 580651+0 
e 579865+0 
e 57832 3+0 
e 5717566+0 
e 57681 8+0 
e 5716080+0 
e 571535040 
e 514630+0 
e 57391 8+0 
e 573215+0 
e°®72521+0 
e 571 834+0 
eo 57115 7+0 
o51G487+O0 
e 56982540 
e 56917140 
@ 568525+0 
oe 56788640 
e 567255+0 
e 56663240 
@ 56601 5+0 
e 565406+0 
e 56480440 
e 56420940 
e 563621+0 
e 56303940 
@ 562465+0 
e 561896+0 
© 56133440 
«56077940 
e 560230+0 
e 959687+0 
@ 559150+0 
@ 558619+0 
e 55809440 
e 55757540 
55 706240 
e 95655440 
e 556052+0 
e 555556+0 
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TABLE A-3 


Compressible Flow Functions for Rayleigh Flow, y = |.40 
























E 
w* wtusu* 1Y71o* p/p * py po p/p . 
u/u* 
j 5.00 1.66667 ellLLIIL+0 .666668-1 « 18633842 © 55555640 
‘ 5.10 1.66847 e©107027+0 0e641472=-)] e20132742 e 55315340 
5220 1.67017 010316140 .617666-1 0217343+2 ~ 550877+0 
5.30 1.67177 0994958-1 ©595150-1 0 23444142 «54871840 
: § 40 1.67330 ©960195-1 0573834-1 0252678+2 © 546670+0 
5250 391067474) =—s 0. 977193-1 = $53634—-1 = 27212242 = 544 72540 
. 5 60 1.67611 ©895837-1 0 53447T4-1 029280542 .542877+0 
5.70 1.67741 °866021-1 0516285-1 31482042 © 54111640 
5 80 1.67864 08376471 °499003-1 2 338222+2 © 539464440 
: § 290 1.67982 °810626-1 © 482568-1 035307842 .537849+40 
6-00 1.68093 2 78487 3-1 04669271 028945842 .536329+0 | 
6.10 1.68200 © 760312-1 © 4520291 041743542 © 53487940 1 
6220 1.68301 .736872-1 6437829-1 =. 44708242 © -. 53349440 
6.30 1.68398 7144851 0424284-1 o47847742 .53217240 f 
6640 1668490 06693092-L .411354-1 451169942 .53090740 ! 
6.50 1.68579 0672634-1 2 399003-1 054682942 - 529698+0 | 
6260 1.68663 065 3058-1 ©387197-1 058395142 .528541+0 
6-70 1.68744 2° 634315-1 -375905-1 062315242 52743340 b 
6.80 1.68821 e616360-1 2 365097-1 066452242 52637140 rt 
6.9C 1.68895 ©599148-1 © 3547471 e7TO0B15142 52535240 ! 
7-00 1.68966 © 582640-1 ° 344828-1 075413642 .524376+0 ! 
7.10 1.69033 @566799-1 © 3353181 080257242 .523438+40 | 
7e20 1.69099 .551589-1 © 326194-1 085355942 .522538+0 
7.30 1.69161 0 536978-1L 0 317436-1 090720142 .521673+0 ( 
7240 1269221 e 1272934-1 2 309024-1 °963602+2 © 52084240 hi 
7050 = 1669279 = S09430-1 = 3:000941-1) = 10228743 = 52004240 
7260 1.69335 0496437-1 °293170-1 ©108512+3 .519273+0 ‘ 
7.70 1.69388 © 483931-1 © 285694-1 © 115046+3 ©518532+0 i 
7080 =: 1669439 3=—s_ no 471 889-1 =. - 278500-1 =. 1 2190143 §3=—. $1 781 940 i 
7290 1.69489 =§ oo 460286-1 =o 271573-1 = 12909043) = 1713140 | 
6.00 1.695 36 0449104-1 0264901-1 ©136623+3 «51640940 i 
8.10 1.69582 e438321-1 © 258471-1 © 14451543 -515830C6 , 
@.20 1.69627 042792 8-1 0252271-1 0152777+3 51521340 
8.30 1.69669 .«417880-1 0246291-1 016142343 .514618+0 
8240 1.69713 e408188-1 e24C520-1 ol f0467+3 «51404440 ’ 
8-50 1.69750 ° 39882 7-1 0234949-1 0179923+3 .513489+0 
8260 1.69789 o 389782-1 0229569-1 18980443 © 51295240 i 
8.70 1.69826 e 381040-1 022437 1-—1 e 20012643 e 51243440 ' 
8.80 1269862 e 372586-1 0219347-1 021090343 .511933+40 
8.90 1.69897 ° 364409-1 0214489-1 022215043 2511448+0 ; 
9.200 1.699 30 e 35649 T=-1 e209 790-1 0233883+3 51097940 
10.00 1.70213 2289724-1 e17C213-1 © 38161443 .507017+0 
11.00 1.70423 e240032-1 © 14C€845-1 059773443 .504067+6 | 
12.00 1.70582 .202072-1 .118460-1 .904052+3 .501812+0 | 
13.00 1e70707 # 20172432-1 elO1O0L0- 1 0132665+4 .500051+0 | 
14.00 1.70806 «148851-1 03871460-2 ~189628+4 .498650+0 ! 
15.00 1.70886 0129787-1 © 75G494-2 026487544 49751640 ! 
16.00 1.70952 0 114158-1 -567780-2 0 36253144 0 496567+0 
17.00 1.71006 .101187-1 o591716-2 048730344 .495816+0 
18.00 1.71051 2 90 3044-2 0527937T-2 =—_ oe 64452144 8 49516940 | 
19.00 1.71090 «81C854=2 0473934-2 084017844  .494621+0 3 
20.00 1.71123 e 73207 7-2 042 7808-2 210809645 ..494152+¢C | 
INFIN 1.71429 - 000000 ~000000 INFIN © 489796+0 : 


i SE tk Oe | A a ae 


- 
f 
y 
} 
t 
L 
5 
' 





Ve eee ae mem 


ee Tol ie ee At may 


TRIE saat NAatzIRet ree PE 


<=? 


Compressible 
M*™ m*su/u* 
0.00 0.00000 
0.01 0.00027 
0.02 0.00107 
0.03 0.00240 
0.04 0.00426 
0.05 0.00665 
0.06 0.00955 
0.07 0.01298 
0.08 0.01691 
0.09 0.02134 
0.10 0.02626 
0.11 0.03167 
0.12 0.03755 
0.13 0.04388 
0.14 0.05067 
0.15 0.05790 
0.16 0.06555 
0.17 0.07361 
0.18 0.08207 
0.19 0.09091 
0.20 0.10011 
0.21 0.10967 
0.22 0.11956 
0.23 0.12978 
0.24 0.14030 
0.25 02015110 
0.26 0.16218 
0.27 0.17352 
0.28 0.18509 
0.29 0.19689 
0.30 0.20890 
0.31 9222110 
0.32 0.23348 
0.33 0224602 
0.34 0.25871 
0.35 0.27153 
0.36 0.28446 
0.37 0.29751 
0.38 0.31064 
0.39 0.322385 
0.40 0.33712 
0.41 0.35045 
0.42 0. 36381 
0.%3 Oe 3772) 
0.44 0.39062 
0.45 0.40404 
0.46 0.41745 
0.47 0243086 
0.48 0244424 
0.49 0.45759 
0.50 0.47099 


TABLE A-3 


Flow Functions for 


e0O00000 

2847 75-2 
0o176744-1 
o253582-1 
e 343669-1 
©562130-1 
e828765-1 
©978914-1 
e113955+0 
e131010+0 
© 148993+0 
016784240 
18749140 
e207873+0 
22892040 
e250563+0 
e272733+0 
©295362+0 
« 318381+0 
© 341721+0 
e 36531740 
e 38910240 
©413013+0 
o436987+¢40 
«46096540 
- 48488940 
50870440 
5 32357+0 
055579740 
o5789TT+O 
060185440 
0624384+0 
e646530+0 
o668255+0 
©689528+0 
e710317+0 
e130596+0 
e 150340+0 
«169527T+0 
© /88146+0 
80616140 
0823576+0 
84037440 
85654640 
87208540 
88698540 


p/p * 


e267000+1 
2669551 
eo 266822+1 
2665991 
o266228+) 
2658901 
© 26540441 
0 264833+1 
02641 76+1 
26343641 
026261441 
026171241 
226073041 
025967141 
025853841 
025733141 
2560531 
o2547T0T4+1 
0 25329541 


025181941 — 


025028141 
e248 685+1 
24703341 


»o 24532741 © 


024357041 
024176641 
023691541 
e238022+) 
23608941 
023411941 
© 23211341 
023007641 
2280091 
0225915+1 
022379641 
022165541 
021949441 
e217316+1 
2151231 
e2l291lt+l 
e210701+1 
e208475+1 
2062431 
e 2040061 
e201 T6641 
21995251 
019 7285+1 
e 19504741 
el92812+i% 
© 190583+1 
e 1883601 


pp? * 


1299401 
0o1299 3041 
12989741 
012984341 
12976741 
012967141 
e12955341 
012941441 
012925541 
012907541 
©1288 76+1 
0128658+1 
012842041 
0128165+1 
e1l2789141 
12760141 
o121294+1 
012697141 
© 12663341 
o126280+1 
012591341 
012553341 
e125141+41 
012473741 
e124322+1 
012389641 
0123446241 
012301841 
e122567+1 
e122108+4+1 
012164341 
01211731 
elL2069741 
el 2021741 
©119733¢1 
el1l924T4+1 
e118758+41 
11826841 
ell77 7641 
e117285+1 
11679441 
e116303+1 
011581541 
011532841 
11484341 
0114362+1 
11388441 
eli3s41l04i 
011294141 
ell24764]1 
elLl2017+#1l 


TRA 5 


AMCP 706-285 


Royleigh Flow, y = 1,67 


p/p 

u/u* 
e C00000 
e 533840-3 
e 213343-2 
e 479303-2 
« 850308-2 
e 132503-1 
-190178-1 
o 257852-1 
e 33928 7-1 
0 422214-1 
- 518332-1 
e 623314-1 
e 136806-]1 
e 858430-l1 
- 987789-1 
eo 112447+0 
e 126802+0 
e 141802+0 
e 15740070 
eo 17354940 
» 190202+0 
© 207313+0 
° 224832+0 
oe 24271440 
e 26091 0+0 
eo 21937T5+0 
e 298062+0 
e 31692 8+0 
e 33592840 
e 355020+0 


© 31416440 


e 39331940 
e 412448+0 
e 43151540 
e 45048640 
e 46932 7+0 
e 488009#0 
e 506502+0 
© 524780+0 
e 54281 8+0 
e 560592+0 
o578081+0 
e 595266+09 
e 612130+0 
e 628656+0 
e 644830+0 
e 660641+0 
e 67607770 
e 69113N+0 
e 105790#0 
e 120053+0 
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AMCP 706-285 


uw * 


0.50 
0.51 
0252 
0.53 
0.5% 
0.55 
0.56 
0.57 
0.58 
0.59 
0.60 
0.61 
0.62 
0.263 
0.64 
0265 
0.66 
0.67 
0.68 
0.69 
0.70 
0.71 
0.72 
0.73 
0.74 
0.75 
Cold 
O.77 
0.78 
0.79 
0-80 
0.81 
0.82 
0.83 
0-84 
0.85 
0.86 
0.87 
0.88 
0-89 
0.90 
0.91 
0-92 
0.93 
0.94% 
0.95 
0-96 
0.97 
0.98 
0.99 
1.00 


0.248416 
0.49737 
0.51052 


9252360 — 


0253660 
0.54952 
0.56236 
0.57510 
0.58775 
0-60030 
0.61274 
0.62508 
0.63730 
0.64941 
0266140 
0.67328 
0268502 
0.69665 
0.70815 
0.71952 
0.73076 
0. 74187 
0.75285 
0.76370 
0.77441 
0. 78499 
0.19544 
0.80576 
0.81594 
0.82599 
0.83590 
0284568 
0.85533 
0.86485 
0287424 
0.88350 
0289262 
0.90162 
0-9105C 
0091924 
0.92786 
0.93636 
0.94473 
0.95298 
0.96111 
0.96912 
0.97702 
0.98479 
0.99245 
1.00000 


a ee a 


TABLE A-3 


Compressible Flow Functions for 


M*su/u* sy i haa 


«88698540 
90124440 
©914859+0 
09° 7833+0 
©940166+0 
©951862+0 
©9629 26+0 
©973364+0 
©983183+0 
©992392+0 
-160100+1 
e100902+1 
10164541 
© 102332+])] 
© 10296341 
© 1035401 
1040631 
© 10453541 
© 10495741 
© 1l05329+i 
© 105654+1 
e 1059331 
©106167+1 
© 106358 +1 
©106507+1 
e106616+1 
~-106685+1 
010671741 
10671341 
el106674+41 
«10660241 
1064984] 
e106362+41 
© 10619841 
e 10600541 
© 10578541 
010553941 
© 105269] 
©1049 75+1 
©104659+1 
10432241 
© 1039644) 
©103588+1 
© 1031934] 
elO278A1+1 
© 102353+])] 
©101910+]1 
eidi452+i1 
e1N0980+1 
e LOO496+ 1 
elLOQ000+1 


p/p *™ 


© 1883601 
oe 186145+1 
«© 1839391 
0 181744+1 
© 179560+1 
eo 177388+]1 
1752301 
©173086+1 
oe 1709581 
e 168846+1 
e 16675041 
e164672+]1 
el62612+1 
e16C570+1 
e 15854841 
oe 156545+]1 
© 154563+1 
© 152601+1 
» 150660+1 
1487391 
e146840+1 
eo 144963+1 
0 143108+1 
0 14127441 
eo 13946 3+1 
013767341 
e135906+]1 
013416141 
e 13243941 
© 130738+1 
e129060+1 
e127405+1 
e1l25771+1 
01241590] 
e122570+1 
e121002+]1 
eo 11945641 
©117932+1 
© 116429+1 
-114947+] 
0113487+1 
e112047+1 
e110628+1 
e 105230+] 
e10785z+1 
© 10649441 
© 105157+]1 
© 103838+] 
e 1025404] 
e101 260+1 
© 1L00000+1 


pyp? * 


e112017+1 
e111563+}) 
ol111115+41 
©110674+1 
e110239+])] 
eLOIBLL+])] 
© 109390+1 
e108977+1 
e108571+1 
1081744) 
el107785+) 
e107404+)1 
e107031+1 
«106667+)1 
e106313+)] 
e105967+1 
1056301 
1053031 
© 10498541 
ol104677+1 
0104378+1 
o104089+] 
1038091 
10354641 
1032 80+1 
1030301 
1027901 
© 102560+1 
e102340+1)1 
«10213041 
10193041 
©101740+1 
e101559+4}1 
e101389+1 
e101229+¢1 
©101079+) 
©100938+1 
«100808+1 
e100688+1 
© 100577+1 
© 10047641 
e 100385+]1 
©100304+1 
e100232+1 
el100170+1 
e-100118+1% 
-100075+1 
© 10004241 
e 10001941 
e 100005+1 
e LOOOO0+1 


Rayleigh Flow, y = |.67 


p/P 
u/u * 


e 120053+0 
e 133912+C6 
e 147364+0 
e 160407+0 
e (73039+0 
e 185259+0 
e 19 7069+0 
e 808469+0 
e819462+0 
e 830051+0 
e 840240+0 
e 850032+0 
e 859435+0 
e 868451+0 
e 877089+0 
« 885353+0 
e 893251+0 
e 900791+0 
«907978+0 
©914822+0 
e 921330+0 
e 9275090 
e 9333690 
© 93891 7+0 
© 944161+0 
9491100 
©953772+0 
© 958156+0 
e962 269+0 
© 966121+0 
e969 719+0 
e973071+0 
e976186+0 
© 979072+0 
e 981 735+0 
© 984184+0 
e 986427+0 
@988470+0 
© 990322+0 
©9919894C 
© 993478+0 
«994 796+0 
e 995950+0 
© 996945+0 
e997 789+0 
© 9984B88+0 
© 999047+0 
© 999472+0 
e999 169+0 
© 999943+0 
© LO00000+1 
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Compressible 
M*s u/u* 


wu * 


1.00000 
1.00743 
1.01476 
1.02197 
1.02908 
1.03608 
1.04297 
1.04976 
1.05645 
1.06303 
1.06952 
1.07591 
1.08220 
1.08840 
1.09450 
1.10051 
1.10643 
2211226 
1611800 
1.12366 
1212923 
1213471 
1.14012 
1.14544 
1.15068 
1.15584 
1.16093 
1.16594 
1.17087 
1.17573 
1.18052 
1218524 
1.18988 
1.19446 
1.19897 
1.20341 
3220779 
1.21210 
1.21635 
1.22953 
1.22466 
1.22872 
123272 
1.23667 
1.24056 
1624439 
1224817 
1.25189 
1.25556 
1.25918 
1.262 74% 


TABLE A-3 | 


Flow Functions for Rayleigh Flow, y = 1.67 


T/T" 


e LOOQO00+1 
©994927+0 
e989 148+0 
© 98447340 
©9719106+0 
o973655+0 
©968127+0 
© 96252640 
- 956859+0 
© 991132+0 
e 94535040 
93951840 
93364140 
092772440 
e921771+40 
e915786+0 
e909774+0 
©903738+0 
e897683+0 
2891611+0 
e 885527+0 
e879434+0 
e 87333440 
© 867230+0 
©861127+0 
e 855025+0 
© 848928+0 
© 842837+0 
83675 7+0 
e 83068 7+0 
e 824631+0 
e818591+0 
© 812568+0 
e 806564+0 
e800581+0 
e 19461940 
e /88682+0 
e 1/82770+0 
e 176884+0 
e 171025+0 
e 16519540 
e 159395+0 
e 153626+0 
e /47888+0 
oe 142183+0 
e 736511+0 
e ?30873+0 
e (2527040 
e 71970340 
»114171+0 
e 108676+0 


p/p * 


elLO0000F1 
98 758440 
0975354+0 
0963307+0 
095144040 
09 39752+0 
092824040 
©9169014+0 
©905733+0 
0894734+0 
»8839(. +9 
087323240 
086272440 
©852376+0 
©8421 8340 
083214540 
082225940 
0812523+0 
280293340 
079348940 
o7841874C 
«775026+0 
e 166003+0 
75711640 
e 148 362+0 
013974140 
0 f31248+0 
72288440 
eo 11464440 
e 706528+0 
-698533+0 
69065740 
e682858+0 
06 75255+0 
667725+0 
e660 307+0 
65299940 
e645 7598+0 
e638 703+0 
e631713+0 
62482540 
e61803B+0 
e611350+0 
© 604 759+0 
e598 264+0 
59 1864+0 
e585556+0 
571933940 
e573212+0 
©567172+0 
©561220+0 


p%po * 


« 100000+1 
- 10G005+1 
10001941 
e LO0N42+1 
© 1NCOT4+1 
© 10C0116+1 
© 100167+1 
e LOC227T+1 
e 1002961 
© 100374+) 
eo 100460+]1 
e 1005564} 
e 10066141 
«l1007TT4+1 
e LOO896+1 
eLOLO27+41 
© 10116741 
elLO13154¢]1 
elOLSTL+1 
oe 101636+1 
e101810+1 
©101992+1 
10218341 
© 102381+1 
© 102589+1 
© lO02804+1 
1030281 
© 10325941 
« 10349941 
e103748+1 
e 10400441 
e 104268+1 
© 104540+1 
elD04821¢1 
e105] 09+1 
0o1905405+1 
© 105709+1 
© 10602141 
10634141 
e106668+1 
e 10700441 
©107347+1 
e107698+1 
e 10805641 
1084231 
e108797+1 
e1091 78+1 
e109568+] 
© 109964+ 1 
0110369+1 
ellO781+1 


AMCP 706-285 


e 
p/p: 
u/u * 


e LOCOOC+) 
©999945+0 
©999782+0 
099951740 
© 99915440 
99859840 
099825440 
039752440 
99681440 
©996027+0 
©995167+40 
99423840 
99324340 
99218640 
©991070+0 
e9898B9THO 
98867240 
©987397+0 
© 9386075+40 
©984708+0 
98330040 
981 852+0 
©980367+0 
97884740 
97729540 
©9175 71340 
©9714102+40 
09724650 
©970803+0 
96911840 
©967413+0 
e965688+0 
© 963945+0 
e962 186+0 
© 96041240 
e958625+0 
e956825+0 
© 95501540 
95319540 
©951366+0 
© 949530+0 
o3947687+0 
e945 83940 
©943987+0 
© 94213140 
© $40272+0 
93841240 
© 936550+0 
e 934688+0 
e $3282 7+0 
e 93C966+0 
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A-230 


Compressible 


nu * 


1.50 
1.51 
1.52 
1253 
1.54% 
1.55 
1.56 
1.57 
1.58 
1.59 
1.60 
1.61 
1.62 
1263 
1.64 
1.265 
1.66 
1.67 
1.68 
1.69 
1-7/0 
LleTl 


-l.72 


173 
1.74% 
1.75 
1.76 
le77 
1-78 
1.79 
1-80 
1.81 
1.82 
1.83 
1.84 
1-85 
1. 86 
1-87 
1.88 
1.89 
1.90 
1.91 
1.92 
1.93 
1.94 
1295 
1.96 
1.97 
1.98 
1299 
2-00 


M*su/u* 


1.26274 
1.26626 
1.26972 
1.27313 
1.27650 
1.27982 
1.28309 
1.28632 
1.28950 
1.29263 
1.29572 
1.29877 
1.30178 
1.30474 
1.30767 
1.31055 
1.31340 
1231620 
1.31897 
1.32170 
1.32439 
1232705 
1.32967 
1.33225 
1.33480 
1.33732 
1.33980 
1.34225 
1.34467 
1.34706 
1.3494] 
1.35173 
1.35403 
1.35629 
1.35852 
1.36073 
1. 36290 
1.36505 
1.36717 
1.36927 
1.37133 
1.37338 
1.37539 
1.37738 
1.37934 
1.38128 
1.38320 
1.38509 
1.38696 
1.38880 
1.39062 


Flow Functions for Rayleigh Flow, y = 1.67 


ni’ Aa clk 


e 108676+0 
e 103218+0 
©697797+0 
©692414+0 
e687070+0 
e681763+0 
ef $496t0 
e671268+0 
66607940 
e 660930+0 
e655820+06 
e650751+0 
e$645721+0 
e640731+0 
e635781+0 
e630871+0 
e626002+0 
©o621173+0 
e616383+0 
61163440 
©6069 25+0 
60225640 
©597T626+0 
© 593036+0 
© 588486+0 
e583976+0 
«57950440 
57507240 
57067940 
© 566325+0 
e562009+0 
©557732+0 
55349340 
© 549292+0 
e545129+0 
© 54100340 
°e 536915+0 
e532864+0 
e 528850+0 
©524872+0 
e 52093140 
©517026+0 
© 513156+0 
© 509323+0 
e505524+0 
© 50176140 
© 498032+0 
© 494338+0 
© 490678+0 
48 7052¢+0 
48 3460+0 


p/p * 


©561220+0 
055535240 
54956840 
e543866+0 
©538245+0 
©532703+0 
0527240+0 
e521853+0 
051654240 
©511306+0 
e506142+0 
©501051+0 
«49603049 
©491078+0 
e486195+0 
e481379+0 
e416628+0 
47194340 
©467322+0 
462 764+0 
©458267+0 
- 153831+¢0 
74*%9455+0 
0445138+0 
©440879+0 
«4366 76+0 
e432530+0 
o428438+0 
042440140 
0420417+0 
©416485+0 
©412605+0 
©408776+0 
040499440 
«401266+0 
e397584+0 
39394940 
e 39C 361+0 
e 3868200 
e 383323+0 
0379871+0 
© 376464+0 
37309940 
e369777+0 
e 36649640 
e 36325740 
e 360058+0 
e 35€900+0 
035376040 
« 35C696+40 
@347657+0 


pp? * 


©110781l+¢1 
e111200+1 
elll627T+1 
e112062+¢1 
e 11250441 
e1129544#1 
ell 341141 
011387541 
011434741 
01148264 1 
011531341 
o11l5807+1 
01163091 
11681841 
011733441 
011785841 
© 118389+1 
e118928+1 
e1l1l94744+1 
eo1l20027+1 
e120588+1 
012115541 
el21731+1 
0122313+1 
e 122903+1 
012350141 
el 2410541 
ol24717T+1 
012533641 
© 1259631 
01265°7+1 
el2723841 
ell l&8T+1 
o12 854341 
212920641 
o1l2987T+1 
° 1305551 
013124041 
© 13193341 
eo 13263341 
oe 13334041 
e134055+1 
ol34777+1 
© 135507+1 
e 136244+1 
-136988+1 
013774041 
oe 13849941 
oe 13926641 
©140040+1 
el40821+1 


p/p 

u/ut 
93096640 
92910740 
92725140 
e 92539840 
© 923548+t0 
e921 702+0 
©919860+0 
91802440 
91619240 
e914367+0 
091254840 
-910735+0 
e908930+0 
©907131+40 
e 930534040 
90355840 
e901 783+0 
«90001 7+0 
e898 2590 
- 89651040 
89477140 
« 893040+0 
e891 31940 
e 889608+0 
e 887907+0 
« 886215+0 
88453440 
e 882 863+0 
e 881 202+0 
e 87955240 
87791340 
87628340 
e874665+0 
e873058+0 
e871461+40 
e 869875+0 
e868 30040 
e866 13640 
e 826518340 
e 86364140 
e862111+0 
-e 860591 +0 
e 859082+0 
85758540 
e856098+0 
«85462 3+0 
e 85315940 
e851 70640 
e850263+0 
8488324 
e847412+0 
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Compressible 
M*zu/u™ 


nu 


¢ e200 
2<N2 
2204 
2eC6 
2.208 
2-10 
2el2 
2-14 
2216 
2-18 
2229 
222 
22024 
2.26 
2-28 
2.30 
2032 
223% 
2-36 
2.38 
2240 
2242 
204 
2-46 
2-48 
2 250 
2 soc 
2-54 
2256 
2-58 
2.60 
2-62 
2264 
2266 
2.68 
2.70 
Zele 
2.74% 
2.2/6 
2.78 
2-80 
2.82 
2284 
2.86 
2.88 
2290 
2092 
2-94 
2-96 
€ 295 
$200) 


1.39062 
le 39420 
1.39769 
1.40110 
1240442 
1.40767 
1.41083 
12-41393 
10641495 
12641990 
1242278 
3042559 
1242834 
1243103 
1243366 
1243623 
1.43874 
1244120 
1244360 
1244595 
1244824 
1245049 
1245269 
1245485 
1245895 
1.245902 
1246104 
1246301 
146495 
1246685 
1.46870 
1247052 
1.47231 
1.247405 
Le47577 
1.47144 
1.47909 
1248070 
1248228 
1.48383 
1.48535 
1248685 
1.48831 
1.48974 
1.49115 
1.49253 
1249389 
1.49522 
1.49652 
1.49781 
1249996 


TABLE A-3 


Flow Functions for Raylelyh Flow, y = |.67 


TY 7° * 


©483460+0 
041716375+0 
046942140 
©462597+0 
45589970 
04493250 
044287440 
043654240 
° + 3032840 
042422940 
0418243+0 
041236840 
40660240 
© 400942+0 
e 395387+0 
e 38993540 
e 384582+0 
2 379328+0 
e 37417040 
e 369 106+0 
« 364134+0 
e 35925440 
2 35446140 
e 349 755+0 
« 345135+0 
- 34059740 
e 336141740 
e331 7640 
e 32 7%66+0 
0 32324440 
e 31909740 
«315023+0 
» 311L021+0 
« 307089 +0 
e 303226+0 
© 29943040 
e295 700+0 
e292035+0 
e288433+0 
e284893+0 
228141340 
27799370 
o21463140 
0211326+0 
e2680T6+0D 
© 264882+0 
02617400 
-258651+0 
0 255614+0 
029262 7+0 
© 249688+0 


p/p *™ 


e 347657+0 
e 341683+0 
e 335855+0 
e 330168+0 
oe 32461 7+0 
e 31919940 
e 313909+0 
e 308745+0 
2 303701+0 
029877540 
© 29396340 
e289 261+0. 
© 28466 7+0 
028017740 
02157T89+0 
021149940 
026730540 
0 263204+0 
o 25919340 
0 25526940) 
029143240 
e244 l677(+0 
e244003+0 
e24C40 7+0 
e236888+0 
0 233443+0 
e230070+C 
o226E168+0 
022 3534+0 
«22036 7+0 
«21726440 
o214225+0 
e211247+0 
© 208329+0 
020547040 
e202668+0 
e199920+0 
el97227+0 
0194587+0 
e191998+0 
18945940 
e186968+0 
e184526+0 
18212940 
el1@S778+0 
ol177471+0 
el75208+0 
e1 7298640 
o1708C5+0 
elL68é 440 
~ 166563+0 


pp? * 


© 140821+1 
01424061 
o144021+1 
eo 145666+1 
0147341+1 
014904741 
©150782+1 
oe 152548+1 
0 15434441 
eLS617141 
15802841 
-15991641 
© 16183541 
16378541 
e165767+1 
L67779e1 
e169823+1 
el7189S el 
17400641 
017614541 
o178316+41 
~180519+1 
eo 182754+1 
2 185022+1 
o187322+1 
2189656+1 
~192022+1 
0 19442141 
1968531 
01993191 
20181841 
© 20435241 
20691941 
2095201 
e212155+t1 
oc l48254l 
21752941 
2202691 
0 223043+1 
0 229852+1 
2286971 
e231577+1 
02344941 
0 23744541 
o 2404344] 
02434581 
oe 246519 tL 
o 249616t1 
25275141 
025592241 
025913141 


p/P 

u/u* 
e 847412+0 
oe 844605+0 
e 841841+0 
e 839121+0 
«e 836444+0 
e 833809+0 
e831216+0 
@ 82866640 
« 826156+0 
e 82 3688+0 
e 82126049 
e 81887140 
e 816522+0 
e814212+0 
e811940+0 
e 80970540 
» 807508+0 
eo 80534 7+0 
©803221+0 
e 801132+0 
© 1990T77+0 
«79 7056+0 
e 19506940 
° 193115+0 
@ 7191194+0 
e 78930440 
eo 187446+0 
e (85619+0 
e (83822+0 
e 1/82054+0 
e /80316+0 
o 178607+0 
« 17692 6+0 
o775273+0 
eo (7364640 
o 17204740 
0 17047340 
e 16892540 
e 16740340 
e 16590540 
e 16443140 
« 162982+0 
oe 16155540 
e (6015240 
© 158771+0 
0 757412+0 
oe (5607540 
o 19475940 
0 153464640 
0715218940 
2 15093540 
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A-232 


Compressible 

u* um * u/u* 
3.00 1249906 
3.02 1250030 

3204 1.5015] . 
3-06 1250270 
3.08 1.50387 
3210 1-50502 
3el1l2 1250615 
3214 1.50726 
3-16 1.50835 
3-18 1.50942 
3220 1.51047 
3-22 1251151 
322% 1.51253 
3226 1651352 
3.28 1.51451 
3230 1251547 
3232 1251642 
3234 1251735 
3236 1.51827 
3.38 1.51918 
3240 1.52006 
3042 1.52094 
327% 1.52180 
3046 1252264 
3248 1.52347 
3250 1.52429 
3252 1.52510 
325% 1252589 
3-56 1.52667 
3-58 1.592744 
3260 1.52819 
3262 1252894 
3264 1.52967 
3266 1.53039 
3-68 1.53110 
3.70 12.53; 80 
3.172 1.53249 
3214 1.53317 
32/76 1253384 
3.78 1053449 
3.80 1.53514 
3-62 1.53578 
3-84 1.53641 
3.86 1.53703 
3.38 1.53764 
3-90 1.53824 
3-92. 1.53834 
3294 1.53942 
3-96 1.54000 
3-98 1.54057 
4.00 1.54113 


TABLE A-3 


Flow Functions for Rayleigh Flow, y = |.67 


TT? * 


249688 +0 
o246799t0 
© 243956+0 
e241160+0 
e2 33840940 
023570240 
e2 430390 
©23104197+0 
022784140 
022530370 
e222806+0 
22034940 
e217929+0 
©215548+0 
e213204+0 
e210896+0 
e208624+0 
e206387+0 
eo 204184+0 
@202015+0 
19987940 
©197775+0 
e 19570340 
© 193662+0 
©191651+0 
= 189671+0 
©187720+0 
2 1A85798+0 
e 183904+0 
e 182038+0 
e 18019940 
e178387+0 
e 17660140 
17484140 
e173106+0 
e171397+0 
e169711+0 
e 168049+0 
© 166411+0 
e 164796+0 
e 163204+t0 
e 16163440 
e :60086+0 
e 158559+0 
e157053+0 
e 155568+0 
e 15420440 
e 15265940 
© 15123440 
e 14982940 
e 14844240 


p/p * 


© 166563+t+0 
© 16450040 
© 16247340 
© 16C484+0 
e 158530+0 
e 15661040 
0 154725+0 
e152873+0 
e151053+0 
© 149265+0 
© 147507+0 
2145781+0 
eo 144083+0 
014241540 
e140 775+0 
eo 135162+0 
0137577+0 
e 136018+0 
© 134484+0 
0132977+0 
e131494+0 
e130035+0 
e 12860040 
e127188+0 
e125799+0 
o124432+0 
©123087+0 
©121764+0 
e120461+0 
©119179+40 
011791640 
©116674+0 
e115450+0 
011424620 
e113060+0 
e111892+0 
0110742+0 
e 10960940 
«10849440 
e107395+0 
© 106312+0 
0 105245+0 
e 10419540 
10315940 
eL02139+0 
e101134+0 
e10C143+0 
099166 7-1 
©98 2043-1 


pp? * 


e259131+1 
e26237TT+1 
©265661+1 
26898341 
0212342+1 
o2 2574041 
227917741 
2826524) 
e286166+1 
28971941 
29331241 
29694341 
e 30061541 
e 304326+1]1 
e 3080 78+) 
31187041 
eo 31570241 
03195751 
03234894] 
032714444) 
0 33144141 
oe 3354791 
oe 3395591 
e 3436801 
oe 3478444) 
e 358205141 
e 3563001 
oe 360892] 
oe 36492 7+1 
e 3693051 
0 37372T+1 
e 378192¢1 
e 38270141 
e 3872551 
e 391852+1 
« 3964951 
e401182+1 
e495914+) 
41069141 
041551441 
o420382+]) 
042529 7T+1 
© 43025741 
«434526441 
044031741 
04454174) 
o 450564+1 
© 45575841 
0 4609G9+i1 
4662894) 
0471626+}) 


p/p 

u/u * 
¢ 75609350 
e 749700+0 
o 14848540 
e 147288+0 
© 74611140 
e 144951+0 
e 14380940 
e 142685+0 
e 74157940 
e 14048940 
e 139416+0 
e 138359+0 
e 73731 8+0 
« 136293+0 
e 7135283+0 
e 134289+0 
e 73330940 
e 132344+0 
e 731393+0 
e 130457+0 
e 172953440 
oe 12862440 
e 127728+0 
e 12684520 
e 725975+0 
e 72511840 
e 124273+0 
° 1234400 
e 72261940 
e 72180940 
e 7210110 
e 72022570 
- 71944940 
e 718685+0 
e 11793140 
e 71718840 
e 11845540 
eo 11573240 
e 71501940 
° 11431640 
e 11362240 
e 71293940 
e 11226440 
e 71159840 
e 11094240 
e 71029440 
e 10965540 
e 109025+0 
e (0840340 
e 70778940 
e 10718340 
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Compressible Flow Functions for Rayleigh Flow, y 
Me u/u™ 


4244 
4.46 
4.48 
4.50 
4252 
4254 
4256 


4._&2 


ee mv 


4.60 
462 
4.64 
4.66 
4.68 
4.70 
4072 
4.74 
4.76 
4.78 
4.80 
4.84 
4.86 
4.88 
4.90 
4.92 
4294 
4eD6 
4.98 
5.00 


1.54113 
1.54168 
1254222 
1254276 
1.54329 
1.54381 
1254432 
1-54%483 
1254533 
1254582 
1254631 
1254679 
1.54727 
1.54773 
1.54819 
1.54865 
1254910 


1254954 


1.54998 
1255041 
1.55084 
1.55126 
1.595167 
1.55208 
1.55248 
1.55288 
1.55328 
1255367 
1.55405 
1.5544 3 
1.55480 
1.595517 
1.55554 
1255590 
1.55625 
1-55661 
1.55695 
1.55730 
1.55764 
1.55797 
1.55830 
1.55863 
1.55895 
1.55927 
1.55959 
1.55990 
1.56021 
1.56051 
1.56081 
1.56111 
1.56140 


TABLE A-3 


TYTO* 


20148442 +0 
14707440 
014572440 
2144392+0 
e143078+0 
0141782+0 
e140502+0 
13923940 
0137993740 
o136763+0 
e 13554940 
oe 1 3425140 
13316840 
e1 3200040 
e130847+0 
e129709+0 
ot 78585+0 
e127476+0 
e 12638040 
0175298+0 
012423040 
012317540 
eo 12213340 
012110440 
e120088+0 
e11908440 
e118092+0 
e117113+0 
211614540 
- 211518940 
e114245+0 
o113312+0 
e112390+0 
0o111479+0 
e110578+0 
-109689+0 
2108810+0 
eo 10794140 
e 107083+0 
e 106234+0 
e 1953950 
e 10456640 
e103 747+0 
e 102937+0 
2 102136+0 
« 101345+0 
e 100562+0 
e997885-1 
© 990236-1 
~982672-1 
~915194-] 


p/p * 


©963205-1 
0953986-1 
2 944898-1 
0935937-1 
e927101-1 
©918389-1L 
-90S7?97-1 
©901324-1 
©89296 7-1 
2884725-1 
e876595-1 
e868576-1 
e860664-1 
e852860-1 
eo 845159-1 
e837562-1 
e830065-1 
e82266/-1 
e815367-1 
-808163-1 
e801052-1 
e194035-1 
e787108-1 
e/8C2T0-1 
e7735Z20-1 
© 16685 7-1 
eo 160278-1 
« 753783-1 
e747370-1 
oe 141038-1 
2 734785-1 
e728611-1 
e722513-1 
eo 116490-1 
0710542-1 
e104667-1 
o698864- 1 
e693131-1 
68 7469-1 
0681874-1 
0676348-1 
e570B87-1 
©665492-1 
660161-1 
0654894-1 
o649688- 1 
0644544-1 
0639461-1 
0634436-1 
e62S5471-1 
0624562-1 


pp? * 


47162641 
e477011+41 
04824444) 
0487192641 
0493456+1 
o499036+1 
o504665+1 
05103431 
051607141 
52184841 
527167641 
053355441 
053948241 
0 54546241 
055149241 
0557573+1 
05637064} 
o>S9890t1 
odf6127+1 
058241541 
588 756+1 
0 9951491 
6015951 
50809441 
© 61464641 
062125241 
62791141 
63462441 
064139141 
064821 3+1 
«65508941 
66202041 
e 6690061 
061604741 
0 683144+1 
06902961 
06975051 
e 704769+)1 
e 112090+1 
0 11946741 
72690141 
oe 1343931 
e 14194141 
o 14954741 


eT57211+41 | 


e 1649331 
el727T13+1 
e 78055141 
of BB44RE1 
oe 19640441 
e 8044191 


AMCP 706-285 


= |.67 


x 
p/p 
u /u * 


e 70718340 
e 106585+0 
e 105996+0 
e 10541 3+0 
e 10483940 
e 104272+0 
e 103712+9 
e 10315940 
e 702614+0 
e 102075+0 
2 10154440 
e 70101940 
e 100500+0 
e 699989+0 
2699483+0 
69898440 
69849140 
e 69800540 
069 7524+0 
69 7049+0 
-696581+0 
e696117+0 
e 695660+0 
e695208+0 
069476240 
0694321+C 
e693885+0 
«693454+0 
269302940 
69260940 
069219340 
e-691783+0 
0691377+0 
e6909TT+0 
6905800 
~-6901 8940 
0689802+0 
68941940 
68904140 
e-5688668+0 
°688298+0 
068793340 
068757246 
068721540 


" «686862+0 


e68651340 
68616840 
68582740 
058549040 
068515640 
e684 826+0 
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WRAc- tease A, 


Compressible 


1.00 
1.01 
1.02 
1.03 
1.204% 
1205 
1.06 
1.07 
1.08 
1.09 
1-10 
Lleli 
le1l2 
1.13 
1.i4 
1.15 
Lel6 
lel? 
1-18 
1-19 
1220 
1.21 
Lle22 
1.23 
1.24 
1.25 
1-26 
le27? 
1.28 
1.29 
1230 
1.31 
1-32 
le 33 
1234 
1-35 
1.36 
1.37 
1.38 
1.39 
L240 
1.41 
Le42 
1-43 
1.244 
1.45 
1.46 
147 
1.48 
1.49 
1-50 


Mo 


1.00000 
C.99011 
0.98043 
0.97095 
0.96168 
0.95260 
0.94370 
0.93499 
0.92645 
0.91808 
0.90987 
0.90183 
0.89394 
0.88621 
0.87862 
0.87117 
0.86387 
0.84966 
0.84275 
0.83595 
0.82929 
0.82275 
0.81631 
0.80999 
0.80378 
0.79768 
0.79168 
0.78578 
0.77998 
Oo 771428 
0.76867 
0.76315 
0.75772 
0. 75238 
0.74712 
0.74195 
0.73686 
0. 73185 
0.172692 
0.72206 
0.71728 
0.71257 
0.70793 
0. 70336 
0.69886 
0269442 
0.69005 
0.68575 
0.68150 
0.67732 
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eld000+1 
-10191¢1 
21038441 
~10578+1 
elN77T441 
el0971L+F1 
e111701 
e11371+41 
ell S72+41 
e1ll77641 
01198041 
012186+1 
01239441 
21260341 
eo 1281341 
21302541 
el3238+t1 
0134531 
2©1366941 
e 1388641 
1410441 
1432441 
01454641 
1476841 
21499241 
~ 1521741 
© 1544441 
1567241 
1590141 
e 1613141 
1636241 
e 165951 
1682941 
e17064+1 
0©17301+1 
e1l753841 
el 7T77T+1 
el8d1L7+4+1 
182581 
e185001 
01874341 
-189881 
e19233+1 
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e1l97T2T+1 
e199576+1 
e20226+1 
e20477+1 
o 2012941 
e20982+1 
021236+1 
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e 1001941 
e 100381 
© 1005641 
eL10075+1 
e 100931 
el10112+1 
©10130+1 
e10148+1 
~10166+1 
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~lLO201+1 
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ei0478+1 
1049541 
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0 10649+1 
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elO7TO1L+L 
e-10718+1 
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e10753+1 
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-10858+1 
1087641 
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1.250 
1.51 
1.52 
1253 
1.54 
1.55 
1.56 
1.57 
1.58 
1.59 
1.60 
1.61 
1.62 
1.63 
1.64 
1.65 


1.66 - 


1.67 
1.68 
1.69 
1.70 
1.71 
1.72 
1.73 
12 74 
1.75 
1.76 
L177 
1.78 
1.79 
1.80 
1.81 
1.82 
1.83 
1.84 
1.85 
1.86 
1.87 
1.88 
1.89 
1.90 
1-91 
1.92 
1.93 
1.94 
1.95 
1.96 


Le97 


1-98 
1.99 
2-200 


Me 


9.67732 
0.67320 
0.66913 
0.66513 
0.66118 
0.65728 
0.65344 
Je64966 
0264592 
0.64223 
0.63860 
0.63501 
0.63148 
0.62798 
0.62454 
0.62114 
0.61778 
0.61447 
0.61120 
2260798 
0.60479 
0.60165 
0.59854 
0.59547 
0.259245 
0.58946 
0.58650 
0.58359 
0.58070 
0.57786 
0.57505 
0.57227 
0.56952 
0.56681 
0.56413 
0.6148 
0.55887 
0.55628 
0.55372 
0.55120 
0.54870 
0.5462 3 
0.54379 
0.54138 
0.53899 
0.53663 
0.53430 
0.53199 
0.52971 
0.52746 
0.52523 
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eo 21236+1 
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. e21 T4741 


e 2200441 
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o227521+41 
e22181+41 
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e 2330341 
02356641 
02283041 
e 24094+1 
2436041 
2462641 
0248931 
0 25161+1 
02943041 
02570041 
02597041 
e 2624241 
oe 26951441 
02678741 
210601 
021733541 
2161041 
o2/1886+1 
2816341 
oe 2844041 
2871941 
2899741 
e292 7TTH1 
oe 2955741 
2983841 
e 301204) 
e 3040241 
e 3068541 
e 309691 
e 312531 
e 3153841 
e 3182341 
e 3210941 
e 323961 
e 3268341 
- 3297141 
e 3325941 
e 3354%8+1 
o 33837+1 
6 3412741 
e 3441841 
e 3470941 
- 3500041 
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© 1087641 
108931 
1091141 
~ 109291 
01094741 
e10964+1 
~10982+1 
e©110C0+1 
01101841 
01103641 
e11055+)1 
e11073+1 
01109141 
ell 1iIC9F41 
0o11128+1 
011146+1 
01116541 
e11183+1 
ell202+1 
ell221+41 
01123941 
e11258+1 
ell277+1 
e11296+1 
011315+1 
0 i1334+1 
01135441 
e11373+1 
e11392+1 
01141241 
01143141 
011451+1 
e 1147041 
oe 114901 
01451041 
e11530+1 
© 1154941 
01156941 
- 1159041 
el1161041 
01163041 
eo 1165041 
e11671+41 
~11691+1 
ell 712+1 
ell732+41 
ell T7531 
oe _17746+1 
ell7S5+1 
1181641 
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2309541 
o23411+1 
02372841 
oe 24048+1 
02436941 
0 246931 
250191 
02534741 
256774), 
260091 
263431 
26671941 
2701841 
02 7358+1 
ezt7T0lFl 
2804541 
2839241 
2874141 
2909241 
0 2944541 
e29800t1 
o 30157+] 
e 3051 7+1 
oe 30878+1 
e331 24171 
03160741 
- 3197541 
e 3234541 
eo 3271 741 
e 3309141 
e 3346741 
338451 
oe 342251 
e 3460 7+1 
oe 34992+1 
e 3537941] 
0 3576741 
e 36158+1 
e 3655141 
oe 36946+])] 
0 373431 
o3TT42+1 
e 38143+1 
eo 385474) 
oe 3895242. 
393591 
e 39769+1 
04018i+1 
405951 
e41lO0llel 
04142941 


t,o # 
RF 


Aj /A2 
©91741+0 
©91347+0 
e90945+0 
-90534+0 
e90115+0 
-89688+0 
e89253+0 
-88810+0 
«88 360+0 
e87902+0 
~87437+0 
e86964+0 
e 836485+0 
©85999+0 
e85506+0 
- 85006+0 
e 84500+0 
e83989+0 
o83471+0 
e82947+0 
8241 8+0 
e81883+0 
e81344+0 
-80799+0 
e80249+0 
eo 19694+0 
e79135+0 
-78572+0 
e 78004+0 
of 7433+0 
e 7685 7+0 
e 76278+0 
e 15696+0 
e/511L0+0 
o14522+0 
e 13930+0 
e 13336+0 
» 7273940 
e72140+0 
e 71538+0 
e 10935+0 
e 10330+0 
e69723+0 
269114+0 
e68504+0 
e67893+0 
e57281+0 
e66663870 
~66055#N 
©65441+0 
06%826+0 
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»>2 96391 
0299544 
3027141 
3059141 
©30913+1 
0o3122%1 
315631 
03189241 
0322231 
0325574] 
328921 
0332301 
03357041 
0339131 
0 342581 
© 346051 
0 3495441 
035306+1 
e 356601 
eo 3601641 
03637441 
°36735+1 
e37098+1 
03 1463+. 
o37831+1 
3820041 
©38572+1 
03894641 
039323+1 
3970141 
e40082+1 
04046541 
040851+1 
041238+1 
041628+1 
o42020+1 
©42414+1 
4281 1+1 
04320941 
04 3610+1 
04401 3+1 
04644191 
0448261 
045236+1 
0456481 
°46062+] 
0464791 
04689 (+i 
o47318+1 
04774141 
e48166+1 
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Milk, 
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b 

y 

é iat Alain 
M4 

4 ms 
2.00 
2.02 
2204 
2.06 0251234 
2-08 0.50823 
2-10 0.50%20 
2212 0.50026 
2014 0249640 
2016 0249262 
2-18 0.48891 
"2.20 380248528 

2622 3 3=60 48172 
2024 0247623 
2026 8 8=—6.0 47481 
2228 0247146 
22-30 0446818 
2032 389902 46495 
2234 0.46179 
2.36 0.245869 
2238 0245565 
2240 0245266 
2042 2 3=— 02 44973 
224% 0244685 
2246 0.44403 
2e+8 0244125 
20250 0243853 
2-52 0243585 
2254 0243323 
2256 0243065 
20-58 04242811 
2-60 0242562 
2262 0242317 
2264 024207T 
2266 0241840 
2-68 0241608 
2.70 04641379 
2072 = 42155 
2074 0240934 
2076 0040717 
2-78 0240503 
2.80 0440293 
2.82 0240088 
2.84 0.39883 
2.86 0.39683 
2088 02439486 
2.90 0239292 
2.92 0239101 
2-94 0.238913 
2.96 0238729 
2.98 0.38547 
3.00 0.38368 
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Compressible .Flow Functions for 


3-84 


3.88 
3290 
3-92 
3-94 
3-96 
3-98 
4.00 


A-238 


Mo 


0. 38368 
0.38191 
0.38018 
0.37847 
0.37678 
0237512 
0.37349 
0.37188 
0.37030 
0.36873 
0.36719 
0.36568 
0. 36418 
0.36271 
0.36126 
0.35983 
0.35841 
0635702 
0.35565 
0. 35430 
0.35297 
0.35165 
0.35036 
0.34908 
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6.70 02031951 }#£.89960+1 05433541 e 48B80+2 e18995-2 05195142 
6.80 0.31865 -90441+1 05567541 25035342 « 16907-2 05349942 
é.90 0.31737 09090641 © 5703441 °51847+2 e 15064-2 05507042 
7.00 0.31703 09135641 o 5841341 @ 5330442 o 13434-2 05666442 
7.10 0.31627 09179141 25981241 2 54902+2 e11991-2 @582P04+2 
7.20 0.31554 09221241 0612301 © 5646242 ~10714-2 05992042 
7.30 0.31484 09262041 0 626694) 2 5804442 e95818-3 06158242 
7.40 0.31417 09301441 2641274) o 5964742 °857712-3 06326842 
7.50 0.31352 0933961 2 65h05+1 06127342 ° 76850-3 06497642 
7.00 0.31289 0937664) 06710341 0 £242042 °68919-3 - 2667082 
7.70 0.31229 09412541 © 68621+1 © 6458942 e611 863-3 06846242 
7.80 0.31171 09447241 e70158+1 © 6628042 3 55579=3 «7023942 
8.00 0.31061. 29513541 -. .73293+1 ° 6972742 3 4#4982-3 ot 3662+2 
8.10 0.31009 0 9545241 ° 7489041 07148442 °40520-3 0 15708+2 
8.20 0.30959 39575941 - 76507+1 o 73262+2 © 36533-3 oVT5T7+2 
6.30 0.30910 +-96057+1 07814341 « 1506242 2 32966-3 0 7946942 
8.40 0.30864 69634641 e 79800+1 ° 1688442 029773-3 08138442 
8.50 0.30818 .96626+1 .8147641 27872742 26912-3 8332142 
8.60 0. 30775 - 9689941 28317241 e 80593+2 0 24346-3 ©85282+2 
8.70 0.30732 09716341 e 84888ti 0 8248042 °22043-3 28726642 
&.80 0.30691 97642041 2 8662441 - 8438942 019974-3 089272+2 | 
&$.90 0.30652 o97T67T041 - 8&8 380+) © 86320+2 ~18113-3 0913022 ; 
9.00 0.30613 097912+) 29015541 2 8827342 » 16439-3 093354+2 ; 
10.00 0.30289 e LODVO+2 elL09CO+2 21090C43 06499 3-4 01151443 ; 
11.00 0.30047 ~ 1016042 0 12983+2 0 13191+3 027547-4 01392243 : 
12.00 0.29862 - 10286+2 0 1526442 e 1570043 0 12414-4 21 6559+3 ; 
13.00 0629717 21038542 21774342 261842743 = 59055-5611 942543 
14.00 0.29601 « 10466+2 02042142 221373+3 o29471-5 02252143 j 
15.00 0.29508 2° 10532+2 0 23297+2 22453643 215346-5 02584643 
16.00 0.29431 »10586+2 02637242 02791843 ~ 82999~-6 02940143 ; 
17200 0429367 21063242 62964442 9 3151843) © 546442-6 = 03:31 B93 
18.00 0.29313 ~ 1067142 0 331'5+2 2 35336+3 0 26794-6 037198+3 
19.00 0.29268 2 10704+2 0 367T85t2 © 3937343 215892-6 04144043 
20.00 0.29229 01073242 04065342 043627+3 096655-T7 045912+3 
INFIN 0.28868 ~11C00+2 INFIN INFIN e00000 INFIN , 
| 
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TABLE A-4 


Compressible Flow Functions for Normal Shock Waves, y =!.30 








0,,0 
. M, Mo My fu2 T/T, A/F Rs R™ PY / P 
/ 

ar Pa /P, Aly Ao” 
1200 1.000006 - 1000041 e 1COCO+1 -10000+1 ~100C0+1 o 1832441 
1.01 0.99012 1017441 -10052+1 21022 7+1 © 10000+1 01853341 
1-02 0.98049 ~ 103491 0101C4+1 01045741 -999994+0 ~18746+1 
1.03 0.97109 21052541 2101551 ~10688+1 099997+0 ~ 1896341 
1.204 0.96192 2 1070241 o1C2C6+) 1092241 ©99992+0 o19183+1 
1.05 0.95297 - 108804) © 10257+1 01115941 09998540 ~19407+1 
1206 0294422 21105841 2103C7+1 eL1397#1L 29997540 0 1963441 
1207 0.93568 011237+1 210357+} ~11638+1 299960+0 ~ 1986541 
1.08 0.927 33 o 1141641 ol10457+1 ~l1881+4+1 099942+0 - 2009941 
1.09 0.91918 115961 © 10457+1 012126+1 ~99919+t0 02033741 
1210 0.91120 e11777+1 2 105C6+41 01237441 ~99891+0 0205 78+1 
1ell 0.90340 21195941 e10556+1 01262441 09985740 02082241 
1.12 0.89578 21214141 2106C5+1 ol1287641 ©99817+0 e21070+1 
1.13 0.88832 21232441 0 1065441 0131301 9977140 2132141 
1214 0.88102 e 1250741 e LO7C3+1 o13387+1 ~9971940 2157541 
1.15 0.87388 01269141 © 10752+1 01364641 .99660+0 02183241 
3 . 1016 0.86688 21287641 2 10801+1 013907+1 09955540 02209241 
. 1.17 0.86004 e 1306141 e10850+1 01417041 29952240 02235541 
| 1-18 0.85333 e 1324641 -108S8+1 01443641 ~99441+40 022622+1 
1-19 0.84676 oe 1343241 1094741 1470441 09935340 2289141 
1220 0.84033 21361841 2 109S6+1 01497441 ~99258+0 02316441 
1.2) 0.83403 - 138054) 011044+1 01524641 ©99155+0 02343941 
1222 0.82785 o 139931 011062+1 01552141 ~999043+0 023718+1 
1.23 0.82179 014180+1 ell 14141 el15798e1 098924+0 02399941 
1224 0.81585 2 1436841 ollL289+1 ~16077+1 098756+0 02428341 
1.25 0.81003 ° 1455741 0 11238+1 21635941 ~98661+0 02457141 
1226 0.80432 0 1474641 1128641 21664241 ~985L7+0 02486141 
127 0.79872 0 1493541 01133541 ~16928+1 ©98365+0 02515441 
1.28 0.79322 01512541 o11383+1 ~1721741 09820440 0 2544941 
1.29 0.78783 01531441 01143241 1750741 -98035+0 02574841 
1-30 0.78253 e 1550541 oll4eCctl 01789041 09785840 22605041 
1.31 0.77734 e 1569541 0115291 ~18095t1 09767240 02635441 
le 32 0.77224 ~15886+1 01157841 01839241 2 97478+0 02666141 
1.33 0.76723 - 1607741 0114677+1 01 8692+1 097275+0 2697141 
1.34 0.76232 « 1626841 01167641 21899441 -397064+0 02728341 
1.35 0.75749 © 1645941 o121725+¢1 019298+1 09684549 02759941 
1-36 0.75274 - 1665141 01177441 01960441 © 96618+0 2791741 
l1e37 0.74808 - 168434) 211823+1 01991341 296382+0 0282 38+1 
1-38 0074351 © 1703541 o11872+1 02022441 09613940 02856141 
1.39 0.73901 el722741 0 11922+1 020537+2 -95887+0 0 28888+1 
_ 1240 0.73459 01741941 01197141 02085241 095627+0 2921741 
an 1-41 0.73024 1761141 0 12021+1 e21170+1 0953594N 02954841 
1.42 0.72597 o17804+1 012070+1 02149041 095084+9 02988341 
1243 0.72177 01799641 012120+1 021812+1 -94801+0 © 2022041 
1244 0.71764 1818941 o12170+1 02213641 ©94510+0 2 3055941 
1245 0.71358 - 18382+3 01222041 022463+1 09421140 2 3090241 
146 0.70958 2 1857441 012271+1 02279241 093906+0 3124741 
12047 0.70566 1876741 01232141 023123+1 ©93592+6 0 3159541 
1248 0.70179 -18960+1 0 12372+1 023457+1 093272+0 © 319451 
1-49 0.69799 019153] 0 12422+1 02379241 09294440 0 32298+1 
1-50 0.69425 01934641 012473+1 02413041 © 92610+0 «3265441 
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7 TABLE A-4 


Compressible Flow Functions for Normal Shock Waves, y =!1.30 











0 :.,0 
Mi Mp Wi Mua %/7 RAR RR™ Rov 
P,/P, +, * 
A; /A2 

1650 00 69425 «so 19346412 «=o: V2GTBHL «=—«-n. 2413041 = 9ZKHSLO*O =— oo 32 O54 HL 

1651. 0069057 = 195394] =o 252441 =o Z44T141 =o 9226949 2 33012 +1 

1.52 0068695 el O7T3BLtL «a E25754+1 «= SHALIFL «=—=«-n. DL G2140 =o 3.337341 

1653 02068338 «= 0. 1992441 =o B2O2TH#1 «=—«-- ZHALSBF1 «=—§- FL 5 HH4HO = 33.7 3EF1 

1.54 0067987 e201L17+#1 01267841 22550541 29120540 23410241 

1.55 0067642 22031041 61273041 62585441 69083840 = 34471 +1 

1.56 0 006730L 4390 2050241 «= o- L27AZ2+41 «=—«- n 2OZAUGSH#L =—«--.: FO4HHE4HO =o 3G B4LH1 

1.57 0066966 6 2069541 «= -n.- 1.283441 = 2656041 = - 9008440 = 2 3521641 

1.58 0266637 2088741 21288641 22691641 ~8969940 635593+1 

1.59 0066312 «2197941 «=e 1293941 =o AT2T44#1 = =—- 0 8930840 = 2 35972 +1 

1660 0065992 212724 «=: « L29GS14+12 = 2763541 = BBILLHO =—_ #336353 +1 

1.61 0065677 =o. 2146441 =o 1304441 = 2799841 = 8850840 =o. 3G T+ 

1.62. 00 65366023=— so. 2165641 «= o- LBOGT+1 «=—« 0. 2836341 = =—«_— BBACL+O © ©=—_ 71241 

1.63 0065061 3s. -n. 218 474#L «=o BBLSOFL «=—«-  2ABTBOFL «=—«-e- B7HBACO =—- 0. BF ILG +1 

1.64 0064759. so. 2703941 =: 1320441 = 2910041 = BTZ2TOFO =— 0. 3 790St1 

1.65 00 64463 so. 222304) «=n: 1325741 = 294 7241 = 8684740 =o 383001 

1.66 0064170. 3 = on 2242241 «= a LBBLL4+1L «=—«-o. 2984641 = 841940 =o 38697 +1 

1.67 90063882) «sn 22HL341 «=—«- nn. WBBUSH#1L «=—§-- BON]AZ2#L = BH IBT+O =— 0 3: 909 741 

1.68 =e 63598 =o 2280341 «=—«- no: 1341941 = BOHOL F1L =» 9555040 =o 3949941 

1069 90 O3B3B1L7F «=o. 2299441 1347441 «=o 3098241 =o 8510940 =o 3990541 

1.70 90063041 0s on 2318541 =o 2352941 = 3136541 «=—« 84440 =o 4OLIF1 

VTL 2 0062769 =o. 2337541 «=—«-o.: 135H34L =o BL TSL41L «=—« 8421440 4OT2OF1 

e772. 0062501) 3s no. 2356541 «=—«o-: L:3OBS+L «=—§-n- BALBBFL «=—«- o- BZTHLAO =—- on HAG 31 

1.73. 0062236 3 2375441 «=o. 1369441 =. 3252841 =—« 0 BB. 30440 0 4154841 

1.74 0061975 =n 2394441 =o 1374941 =o B292L41L «=—§-- . 8284440 — 0 41 96541 

1.75  OeS17T18 62413341 «=e LBBCStL «=—«- on: BBBLS+L «=—«- 82 38O#D =— 04 2385+} 

1.76 061465 =o 2432241 «=n L3BHLAL «=o. BBTL241 «=» A191340 = 24280741 

1e77 Deh L214 «2451041 «= ABGLTH#L «=—-  BHLLD4L «=—«- BL44240 © 04323241 

1.78 0060967 2469841 61397341 03451241 8096940 4366041 

1.79 0060724 «=. 248 8641 =: 1403041 = 3491641 = 0 8049340 24409041 

1.80 0260484 .25074#1 cl4O87+1 63532241 28001440 =o 4452241 : 

1.81 0260247 62526141 6 1414441 = 3573041 = 7953240 04495741 : 

1.82 0060013 2 2544841 =o. L42C141 «= 3O14C4#L «= TFOKBHO =— 0 4539S 41 

1.83 0.59783 = 2563541 =o. 1425941 =o 3655341 = 7856140 = 0 4583501 i 

1.84 0059555.) o 2582141 «=n: LGBLTH+1 © «=—«- 3696841 =e TROTZ+O =o 462 T BFL 

1-85 0.59330 226007+2 61437541 23738541 = 67758240 = 24672341 
—)286 0259109 = 42619341 61449341 03780441 827708940 = 0 471 T0#1 

1.87 0258890 = 2637841 = L449141 = 3822641 =—§-- 7659540 = 4 7E2141 | 

1.88 02658674 626563+1 61455041 .38650+1 67609940 .48073t1 

1.89 0.58461 22674741 61460941 23907641 27560140 = 24852841 

1.90 0058251 02693241 01466841 63950441 7510240 4898641 

1.9L 0058043) =o 2711541 «=. 14772841 «== 3993541 = T4H0140 = 0 4944841 

1.92 0657838 62729941 .14788+1 24036841 6741C040 64990941 

1.93. 0057636 =o 2T4BL4L «=. 1484841 «=—« o OBOB+1 =e 7359740 =— 037441 

1.96 0057436. en 2766441 = op@ L4OCBHL «=o H1 24144 07309340 = 5 084241 

2.95 0.57238 «= 27A4G41 «=. 1496841 = 4LEBOFL =—-o 12 981949 051312¢1 

1.96) 0.57043. «=o 2802841 «= n.: 1502941 =o 212241 =o 7208340 =o 5178441 | 

1.97 0256851 22820941 21509041 .42567+1 e7157THO = 25225941 

1.98 0256661 «2839041 1515141 04301341 e7LO71+0 8665273741 

1.99 0.56473. o 2857041 «=o 1521241 =o 43 4H241L = T5O44D = 32D THI 

2.00 0056288 «=o 2875041 = o- LSATHHL «=—«--o ABVLB+L =e TOOST#O — 5 3 7OOF1 : 





ed 


Compressible 


Mi 


2.00 
2.02 
2.04 
2.06 
2.08 
2.10 
2ele 
2-14 
2.16 
2.18 
2220 
2222 
2224 
2-26 
2.28 
2.30 
2.32 
2234 
2-36 
2.38 
2-40 
22042 
224% 
2.246 
2.48 
2.50 
2.52 
2.54 
2.56 
2.58 
2.60 
2.62 
2.64% 
2266 
2.68 
2.70 
2.72 
2.17% 
2.16 
2.78 
2.80 
2.82 
2-84 
2.86 
2.838 
2.90 
2-92 
2.94 
2.96 
2.98 
3-00 


Mo 


0.56288 
0255924 
0255569 
0.55222 
0-54%883 
0.54553 
0054230 
0253915 
0253606 
0.53305 
0053011 
0252723 
0252442 
0.52167 
0051898 
0.51635 
O.513577 
0.251125 
0.50878 
0.50637 
0250400 
0.50169 
0249942 
0.49720 
0.49503 
0249290 
0249081 
0.48876 
0.48676 
0.48479 
0248286 
0.48097 
0.47912 
0.47730 
0247552 
0.47377 
0.47205 
0.47037 
0246871 
0.46709 
0-4655C 
0.46394 
0246240 
0.46089 
0.45941 
0.45796 
0.45653 
0.45513 
0245375 
0.45240 
0245107 


Flow Functions for 


u, /u 
P2/P 


28750+1L 
291081 
0294651 
298201 
e30173¢1 
2 305241 
0362734) 
03121941 
3156441 
03190741 
03224841 
034258741 
3292341 
0 3325741 
e 3359041 
03392041 
© 3424841 
e 3457341 
© 34896+1 
3521841 
e 3553641 
e 3988531 
3616741 
« 3647941 
« 3678941 
e3TO09TA1 
37140241 
o37T05+1 
e 3800541 
e 3830441 
e 386001 
e 3889341 
© 3918541 
oe 3947441 
3976141 
400454) 
040328+1 
»40608+1 
408851 
04116141 
04143441 
4170841 
419731 
042240 +1 
4250441 
04276641 
04310 26+1 
°4£3283+1 
04353841 
4379241 
©4440 4341 





T,/ Ty, 


e152 7441 
1539841 
01552341 
- 1565041 
el5S7TI7+1 
eo 159C541 
© 1603441 
161654] 
0162964) 
o 1642841 
e 1656. #1 
ei 6696+] 
© 168 3241 
e 1696941 
el71C6+1 
01724541 
© 17385+1 
01752641 
1766841 
eLIB12¢)1 
01795641 
© 1810141 
1824841 
©18395+] 
0 1854441 
oe 1869441 
1884541 
e1899T+¢) 
© 191501 
© 1930441 
© 19459+]1 
1961641 
el97 7441 
e 199 32+) 
e20092+1 
e202 53+1 
204154] 
«205 78+1 
e 2074341 
e 2090841 
e210 75+] 
© 2124341 
eo 2141241 
e21582+]1 
e21753+1 
219254] 
2209941 
e222 13+} 
0 224494) 
eo 2262641 
e228 C441 


TABLE A-4 


5,50 
1 


4391341 
© 448 22+) 
045 74C+1 
466674) 
4760341 
485484] 
© 49502+1 
e 5046541) 
0514371 
5241841 
«5340971 
e 5440841 
© 5541641 
« 56434+1 
5746041 
e 58496+])] 
e 595401 
e 6059441 
e©61656+]1 
0627281 
e 63809+1 
- 64898+1 
6599741 
6710541 
e68222+1 
© 69348+1 
e 1048341 
e (1627+) 
e (278041 
e (394241 
e 7611341 
e 16293+1 
o (7482+) 
. 78681 41 
e (98881 
e 8110441 
e 823301 
o 83564+) 
«e 84808+1 
- 8606041 
e87322+1 
e 885921 
e 89872+1 
eI1LLI6L41 
09245841 
9376541 
095081 +1 
@ 96406+)1 
977401 
e 990831 
e 1004342 


%,% 
PP 
A; /Ra- 


e 1095740 
e69042+0 
© 68028+0 
©67014+40 
e66002+0 
© 6499240 
e §63985+0 
e 6298140 
©61982+0 
- 6098740 
«5995840 
5901540 
-58038+0 
5706840 
e56105+0 
e 5515040 
© 5420340 
2532650 
e 5233540 
05141540 
-50504+0 
-49602+0 
«48 711+0 
4782940 
24695845 
e48098+0 
4524840 
e 4440940 
o43581+0 
eo 42 164+0 
e41958+0 
e41164+0 
©40 381740 
« 39609+0 
e 38 848+0 
e 3809'9+0 
oe 3736i+0 
e 3663540 
e 3592040 
© 35217+0 
« 3452540 
e 33844+0 
e 3317540 
« 32516+0 
e 31 869+0 
e 31233+0 
e 306C8+0 
02999440 
e29391+0 
2879840 
e28216+0 
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e) 
FR, 


2537001 
o54672+1 
«5565541 
056647 +1 
e57650+1 
«=58662+1 
259684+1 
6071741 
©6175941 
e62811+1 
e63872+1 
e64944+]) 


e 6602641 


e67117+1 
682191 
2693301 
e 10453 +1 
eo /1582+¢1 
el2t22t 
eo /38731 
e 750331 
e 16204+1 
eo f/7384+1 
el8574+1 
ao l(9TT3+1 
e 8098&3+1 
8220241 
083432+1 
8467141 
85920) 
e87178+1 
08B447+1 
8972541 
0910131 
9231141 
e93619F1 
094935+)]1 
© 9626341 
976001 
989474] 
elO0Q30t2 
10167+2 
1030542 
eo 1044342 
e 105832 
© lO0723+2 
e 1086542 
ellO0O0742 
ell lS1L42 
© ll29542 
©1144] +42 
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TABLE A-4 


Compressible Flow Functions for Normal Shock Waves, y = !,30 


[a 


( 








0 Co 
My M2 y fug i/T, ra p/P Pp / P 
p/P +. + 
| A; /Ae2 
3.00 0.45107 04404341 02280441 e 1004342 2821640 01144142 
3-02 0244976 04429141 02298341 - 1018042 0 27645+0 o11587+2 
3.04% 0-44%848 04453841 02316441 2e10317+2 o21084+0 01173542 
3-06 0.44721 044783+1 0233454) « 1045442 0 26533+0 o©11883+2 
3.08 0.44597 04502541 0235284) © 1059342 02599340 e12032+2 
3-10 0244475 04526541 o23711+1 21073342 0 2546340 0121832 
3.12 0244355 04550341 02389641 « 1L0874+2 © 2494240 012334+t2 
3214 0244237 04573941 2408241 © 1101542 02443240 2©12486+2 
3-16 0.44121 04597341 0 242 1041 011158+2 02393149 01264042 
3-18 0244067 04620541 02445841 e11301+2 o 2344040 eol2794+42 
3-20 0.43895 04643541 2464841 0 1144542 2 22958+0 01294942 
3022 02437184 04666341 o 248 3841 e 1159042 0 2248540 «13105+2 
3.24 0243676 04688941 e 2503041 eo 1173642 e22022+0 013263+2 
3-26 02435569 04711341 02522341 e 1188342 2 21568+0 0 13421+2 
3.28 0243464 04733541 02541741 ©12031+¢2 e21123+0 01358042 
3230 0243360 04755541 02561341 e 1218042 e 20686+0 0©13740+2 
3232 0243259 4777241 e258C9+41 01233042 02025845 e13901+2 
3234 0-43159 04798841 260071 © 1248042 - 1983940 0 14063+2 
3.36 0.43060 4820241 2620641 © 1263242 0 19428+0 0 14226+2 
3238 0.42963 04841541 e 26405+1 o 12784+2 e 19025+0 © 14390+2 
3-40 0.42867 °048625+1 266071 eo 12937+2 © 18631+0 01455542 
342 0042773 «48833+1 268091 e 1309242 @ 1824440 014721+2 
3-44 0.424681 4903941 eo2l0124¢1 e13247+2 o17865+0 0 14888+2 
3246 0.42590 04924441 o2i2littl e 1340342 217494+0 e 15056+2 
3-48 0.242500 04944741 0 21423+1 eo 1356042 0o17131+0 0 15225+2 
3.50 042411 ° 4964841 2163041 © 13717+2 -16775+0 21539542 
3.52 0242324 4984741 0218 3841 eo 1387642 oe 16426+0 0 15566+2 
3254 0242239 5004441 oe 2804741 e 1403642 e 16084+0 015738+2 
3.56 0.42154 5023941 o28257+1 © 1419642 © 15750+0 01591042 
3.58 0.42071 5043341 o 2846941 © 1435842 e 15422+0 2 16084+2 
3.60 0.41989 5062541 2868141 oe 1452042 e15102+0 © 1625942 
3-62 0.241908 5081541 oe 28895+1 e 14683+2 2 14788+0 oe 16435+2 
3.6% 0.41829 5100441 2911041 © 14847+2 e 14480+0 1661142 
3-66 0.41750 5119041 02932741 e 15012+2 - 1417940 0 16189+2 
3.68 0.41673 5137541 0 2954441 e15178+2 21388440 «1696842 
3.70 0.41597 5155941 02976241 e 1534542 e13596+0 017147+2 
3.72 0.41522 5174141 e299 82+1 © 1551342 e13313+0 017328+2 
3.74 0241448 5192141 e 3020341 e 15682+2 -13037+0 e17509+2 
3-76 0.41375 25209941 e 3042541 e 1585142 e12766+0 01 7692+2 
3.78 0.-%+1304 05227641 e 30648+1 e 1602242 e12501+0 el7876+2 
3.80 0.41233 05245141 e 3087341 e 1619342 e12242+0 e18060+2 
3.82 0.41163 e 5262541 - 3109841 e 1636542 e11988+0 01824642 
3284 0.41094 05279741 e 3132541 e 1653842 e11739+0 0 18432+2 : 
3-86 0.41026 529674) e 3155341 e 1671342 e 1149640 e 1861942 : 
3.88 0.40959 5313641 eo 3178241 oe 16888+2 e11258-0 e18808+2 : 
3-90 0.40893 5330341 e 3201241 e 17063+2 -11025+0 01899742 
3292 0.40828 05346941 e 3224341 172402 21079740 e19188+2 : 
3.94 0.40764 o 5363441 o 3247641 © 17418+#2 2 10574+0 01937942 ' 
3.96 0.40701 25379641 e 3271041 el T597T+2 © 10355+0 1957142 t 
3-98 0.40639 05395841 o 3294441 el?7TI6+2 2-10142+0 0©19765+2 
4.00 0.40577 eo 54118+1 e 3318041 21795642 99326-1 © 19959+2 : 
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Compressible 


4.00 
4.02 
4.0% 
4206 
4.08 
4210 
4.12 
401% 
&olb 
4.18 
4.20 
4222 
4o24 
4.26 
4.28 
4-30 
4232 
4234 
4.36 
4.38 
4240 
4042 
404% 
4046 
4.48 
4.50 
4.52 
4.5% 
4.56 
4.58 
4.60 
4062 
4264 
4.66 
4.68 
4.70 
4.7% 
4.76 
4.78 
4 280 
4282 
428% 
& 286 
4.88 
4.90 
4 092 
459% 
4296 
4.98 
5.00 


Mo 


0.40577 
0.40516 
0.40456 
0.40397 
0.40339 
0.40281 
0.40225 
0.40169 
0.40113 
0.40005 
0.39952 
0.39899 
0.39847 
0.39796 
0.39746 
0.39696 
0.39647 
0.39598 
0.39550 
0.39503 
0.39456 
0.39410 
0.39364 
0.39319 
0.39275 
0.39231 
0.39187 
0.39144 
0.39102 
0.39060 
0.39019 
0.38978 
0.38938 
0.38898 
0.38858 
0.38819 
0.38781 
0.38743 
0.38705 
0.38668 
0.38631 
0.38595 
C.38559 
0.38523 
0.38488 
0.38454 
0.38419 
0.38385 
0.38352 
0.38319 


TABLE A-4 


Flow Functions § for 


Uy /ug 
Pp /P, 


e 5411841 
o 5427641 
2 54433+1 
e 5458941 
05474341 
oe 548396+1 
2 55047+1 
5519741 
oe 5534641 
© 5549341 
eo 5563941 
oe 5578441 
5592741 
5606941 
e56210+41 
e 5635041 
o 5648841 
oe 5662541 
5676141 
568951 
e5702941 
5716141 
05729241 
o571422+1 
»5755041 
5767841 
05780441} 
-57930+1 
@ 5805441 
o58177T+41 
258 299+) 
e 5842041 
5854041 
5865941 
o5877T6+)1 
e 58893+1 
- 5900941 
5912341 
o59237+1 
@ 5935041 
05946) +1 
05957241 
5968241 
o5ITILF1 
598981 
600051 
e60111+1 
0602161 
26032141 
o6U4244*1 
260526+1 


T,/ iF 


eo 33180+1 
e 3341841 
e 4365641] 
e 3389641 
3413641 
03437841 
© 31462141 
e 3486641 
e 3511141 
oe 3535741 
@ 356051 
e 35854+1 
e 3610441 
o 3635541 
e 3660841 
e 36861+1 
e3T1L1L6+41 
037371241 
e 3762941 
o37888+1 
3814741 
e38408+])] 
e 386691 
© 38932+1 
e39197+41 
© 3946241 
© 3972841 
e 3999641 
40 265+1 
© 405351 
©40806+1 
e41078+1 
041352+1 
e41l627+1 
0419031 
042 180+1 
04245841 
04273741 
o43018+1 
0433C0+1 
©43582+1 
04386 7+1 
044152+1 
044438+) 
044726+1 
4501541 
e45305+1 
04559541) 
045888+] 
46618 2+) 
04647641 





D9, 59 
ai 


© 17956+2 
e18138+2 
e18320+2 
e18503+2 
©1868 7+2 
-18872+2 
© 19058+2 
0 19245+2 
019432+2 
© 19621+2 
e19810+2 
e20001+2 
2019242 
2038 4+2 
e2057T+2 
e20771+2 
o20968+2 
02116242 
2135942 
021556+2 
o21755+2 
02195442 
e22154+2 
02235642 
022558+2 
o22161+2 
0229652 
e231T70+2 
023375+2 
02358 2+2 
02379042 
02 3998+2 
2420 7+2 
02441 8+2 
2462942 
0 24841+2 
02505442 
02 5268+2 
2548242 
02569 8+2 
02591542 
0o26132+2 
2635142 
e265 1/042 
2679042 
e2T0L14+2 
02123342 
02 845642 
e2 68042 
02 1905+2 
2813042 


-—-~ a - = om on = 


ait 


A; /Ao 


©99326-1 
e97279-1 
©93316-1 
©91398-1 
-89521-1 
e87684-1 
e85887T-1 
°84129-1 
~824C8-1 
e79076-1 
o771463-1 
-75885-1 
eo 14341-1 
e-72831-1 
071352-1 
e69906-1 
-68490-1 
©67105-1 
65 749-1 
064423-1 
e63125-1 
e61854-1 
e60611-1 
059395-1 
©58205-1 
5 1040-1 
-55900-1 
05 4784-1 
05 3692-1 
©52624-1 
©51578-1 
50554~1 


©48572-1 
046674-)1 
o44855-1 
043974-1 
e4311L2-1 
042268-1 
041442-1 
°36309-1 
e 37566- l 
«36839-1 
2 38128-1 


AMCP 706-285 


e 


Normal Shock Woves, y 71.30 


0 
pos P. 


1995942 
e201 5442 
e 2035042 
e205 4842 
02074642 
2094542 
02114542 
02134642 
02154842 
e217T5142 
e 2195542 
02216042 
02236642 
022571342 
2218142 
02299042 
«2320042 
2341142 
023622+2 
0238352 
02404942 
0 2426442 
02447942 
02469642 
02491442 
02513242 
0 25352+2 
0255 71342 
025719442 
e260174+2 
e262 40+2 
2646542 
266902 
o2691T+2 
02114442 
o21373+2 
02 160242 
o2 183242 
2806442 
0 28295+2 
2852942 
2876342 
289992 
e292 3542 
02941242 
2971042 
oe 2994942 
e 301i 8942 
e 3043042 
e 306 71242 
e 3091542 
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| AMCP 706-285 TABLE A-4 . 


Compressible Flow Functions for Normal Shock Waves, y =1.30 





© 0 % *% 

M, Mo a fee T/T, B a F TP p/P 
5.CO0 0.38319 260526+1 04647641 02813042 2 36128-1 2 30915+2 
5.10 0.38158 061025+1 047967+)1 02927242 ©32786-1 0 3214542 
6.26 0.38006 0615031 04948841 © 30436+2 o29779-1 0 3339942 
5.30 9.37863 06196141 051037+1 © 3162342 e270T0-1 ° 3467842 
5.40 0.37726 0&240041 05261741 032833+2 .24629-1 2 3598042 
5-50 0.37597 06282242 05422541 03406542. 022427-1 2 37307+2 
5.60 0.374746 06322641 25586 341 © 3532042 020440-1 » 3855942 
5.70 0.37357 06 36).441 05752141 2 36597+2 2 18645-1 ° 400 35+2 
5.80 0.37246 0639641 059227+1 0 3789T+2 e17022-1 0 4143542 
5.90 0.37140 06434441 06095441 23922042 215554-1 0428602 
6-00 0.37039 06468741 06270941 04056542 ~14225-1 044309 +2 
6.10 0.36943 065018+1 06449541 04193342 ©13020-1 04578242 
6220 0.36852 265335t1 0663091 04332342 0119281 04728042 
6 «30 0.36764 06564141 06815341 04473642 ©10937-1 ~48802+2 
6 640 0.36680 0659 35+1 e70027+1 04617242 © 10036-1 » 50348+2 
6-50 0.36800 066218+1 ©71930+1 24763042 092176-2 05191942 
6.60 0.36524 26649141 0 73862+1 04911142 ~84727-2 0 5351442 
6.70 0. 36450 06675341 0 7582441 25061542 0 77945-2 « 5513342 
6.80 0.36340 6 700641 07781541 05214142 0 717%63-2 056771742 
6-90 0.36313 067250+1 © 798 364+1 25368942 ©66125-2 ° 5844542 
7200 0.36248 06748541 281886+1 0 5526i+2 260978-2 2 60138+2 
Te19 0.36186 e67T712+1 «8396641 eo 56855+2 e562 16-2 e61855+2 
7.20 0.36127 06793141 o8607T5+1 05847142 ©5197T-2 0 6359642 
7.30 0.36070 06814241 ©88213+1 06011042 © 481043-2 265361 +2 
7240 0.36015 26834641 09038141 061772+2 0 44441-2 06715142 
7-50 0.35962 0 68543+1 09257941 © &3456+2 © 41139-2 @ 68966 +2 
7.60 0.35911 06873341 29480641 © 6516342 © 38111-2 « 70804+2 
7.70 0.35862 268917+1 9706241 ° 6689342 © 35331-2 2 12667+2 
7.80 0.35815 26909541 09934841 © 6854542 2 32778-2 © 14555+2 
7-90 0235770 269267+1 2 10166+2 2 1042042 2 30430-2 ° 1646742 
8.00 0.35726 06943441 210401+2 o 1221742 °28271-2 « 1840342 
8.10 0.35684 0695951 © 106 38+2 0 74037#2 2° 26283-2 2 80363+2 
8.20 0.35643 6975141 ~10879+2 - 7588042 © 24451-2 2 82348+2 
8.30 0235604 069902+1 e11122+2 0 7774542 © 22 762-2 @ 8435742 
8.40 0. 35566 2 70048+1 2 11368+2 © 19633+2 © 21204-2 2 86391+2 
8.50 0.35529 07019041 ~11618+2 2° 8154342 019765-2 28844842 
8.60 0.35494 o7T032T+1 ~11870+2 0 8347642 » 18436-2 ©90531+2 
8.70 04635460  .70461+1 01212542 © 85432+2 e17207-2 © 92637+2 
8.80 0.35427. .70590+1 012383+2 e 8741042 - 16070-2 © 9476842 
8.90 0235395 ~70715+1 0 1264442 0 89411+2 ~150L7-2 © 96923+2 
9.00 0.35364 7083641. .129C8+2 0 9143542 2 14041-2 © 99103+2 
10-00 0.35103 07187541 015710+2 211291 +3 ° 74022-3 0 12224+3 
11.00 0.34908 07266341 -18806+2 - 13665+3 @41081-3 ol4741+43 
12.00 0.34760 07327441 02219442 2 1626543 0 23837-3 01 7582+3 
13.00 0 3464% 07375741 0 258 84+2 21909143 ~14378-3 © 20626+3 
14.00 034551 0 7414541 0 29865+2 0 2214343 089715-4 02391443 
15.00 0.34477 ~ 744604) © 3414142 0 2542243 0 57616-% 0 2744543 
16-00 ©04634416 T472141 2 3871242 ° 2892643 2 38073-4 2 3122043 
17.00 0.34395 .74938+1 © 4357842 2 3265643 0 25732-4 ° 3523843 
18-CO . 0234322 7512141 0487 39+2 ° 3661343 217763-4 © 39500+3 
19.00 0.34286 2T5277+1 05419442 o 4079643 o12497-4 04400643 

20.00 0.34255 o 7541041 0 59945+2 3 4520443 3 89452-5 048715543 
INFIN 0.33968 ~16667+) INF IN INFIN «00000 INFIN 
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: Compressible Flow Functions for Normal Shock Waves, y 21.40 

: 0 # 

M, Mo uy /u2 T/T, rear Py /P Bs P 
a * P2/P, Ai/Az : 

1.0C 1.00000 .10000¢1 .10000+i #£.10000+1 ~10000+1 © 1892941 
12-01 0299013 21916741 #££10066+1 © 1023441 ~10000+1 01915241 
1202 0498052 .1033441 © 1013241 01047141 ©9999940- .1937941 
1003 0697115 #£.10502+1 ©10198+41 elO7TiO+1 ©99997+0 82196101 
1.04 0.96203 21067141 £210263+1 2 10952+1 09999240 .19844+1 
10.05 0.95313 1084041 .10325+1 01119541 09998540 .20083+1 
1606 0294445 .1100941 - 1039341 01144241 09997540 .20325+41 
1,07 0.93598 elLlLI794+1 £«10458+1 1169041 09996140 42057041 
1.08 0.92771 01134941 .10522+1 01194141 09994340 3=3=. 200819 +1 
10.09 04691965 61152041 .10586+1 01219441 09992040 3 62107241 
1010 4 Oc91L177 2169141 2106494) 01245041 ©99893+0 3=.6 2132841 
lell 0.90408 #£«.11862+1 01071341 -12708+1 09986040 3 .2158841 | 
1012 02689656 #££.12034+1 010776+1 -12968+1 099821+0 8 .21851+1 
lel3 0.88922 #£.12206+1 01084041 1323041 09977T+O 3=3—_ e. 2211 B #1 
1014 0.88204 #£.12378+1 1090341 01349541 09972640 .22388+41 
lelS 0.87502 £.1255041 #.10966%1 013762+1 09966940 3= 6 2266 1 #1 
1e16 0.86816 «1272341 01102941 21403241 09960540 .22937+1 
lel? 0.861465 41289641 #110924) 01430441 .99535+0 .23217+1 
1018 0.85488 241306941 01115441 01457841 09945740 .23500+1 
1019 0284846 1324341 01121741 01485441 29937240 22378641 
1020 0684217 #«13416+1 01128041 1513341 099280*0 3 3=«._ o. 240 75+ 1. 
1e2] 0283601 01359041 21134341 0154144) 29918040 .24367+1 | 
1022 0682999} 13 76441 21140541 01569841 29907340 8 .24663+1 
1623 0.82408 £.13938+1 011468+1 © 15984+1 09895840 3= . 24961 #1 
1024 0.81830 #£.14112+1 01153142 01627241 .98836+0 .25263+)1 
1025 0681264 1428641 01159441 01656241 .987C640 38 22556841 
1226 02680709 01446041 01165741 216855+1 .98568+O0 .25875+1 : 
1627 04680164 01463441 21172041 01715041 09842240 42618641 
1628 0.79631 1480841 o11783+1 01744841 .98268+0 .26500+1 
1029 0.79108 149831 01184641 1774841 e98107+0 .26816+41 
1e30 0.78596 .15157+1 01190941 .18050+1 29793740 .27136+41 
1.31 0.78093 21533141 01197241 01835442 269776040 12745941 
10232 O77600 61550541 212035+1 21866141 19757540 242778441 
1033 0.77116 61568041 61209941 .1897041 .97382+0 .28112+1 
1034 0676641 01585441 012162¢1 01928241 .9718240 .28444+41 . 
1635 O676175 1602841 21222641 01959641 .9697440 .28778+1 
1036 4006 75718 3=— o 1620241 39s. 1229041 =. 1991241 69675840 )3=. . 291151 i 
1e37 0.75269 01637641 0 12354+) 02023041 29653440 22945541 
1038 0.674829 .1654941 01241841 02055141 9630440 .29798+41 
1639 0.674396 .16723+1 012482+1 o208744+1 29606540 243014441 
1040 02673971 #£«15897+41 01254741 021200*1 49581940 243049241 | 
Lle4l 0.73554 1707041 01261241 02152841 .95566+0 43084441 ) 
1642 0673144 01724341 01267641 ©21858+1 09530640 .3119841 
1643-00 72741 o174164+1 | 1274141 02219041 29503940 .31555+41 
10644 0.672345 01758941 o12807+1 02252541 49476540 43191541 
2245 0.271956  el7761+1 21287241 02286241 «6. 9448440 3 3=« . 32. 278 1 | 
1646 0.71574 01793441 01293841 02320241 29419640 .3264341 , 
1647 0.71198 -18106+2 01300341 02354441 09390140 .3301)4) 
1048 0.70829 #.18278+1 01306941 12388841 .93600+0 .33382+41 
10649 0.670456 2184494} 21313641 02423441 9329340 2337564) 
1.50 0.70109 #.18621+1 o13202+1 02458341 .92979+0 .3413341 
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TABLE A-4 


Compressible Flow Functions for 


©,,0 
M Mo 4 fig R/T, RA ptyp* = pvp 
Po /P, Av*yAo* 
1.50 0.70109 o 1862141 0 132C2+1 0245831 29297940 © 3413341 
1.51 0.69758 elBl92e]1 oe 132691 02493441 09265940 eo 34512¢1 
1.52 0.69413 - 189631 01333641 025288+1 09233240 2 3489441 
1.53 0.69073 01913341 0 1340341 0 2564441 ©92000+0 ° 35279+1 
15% 0.68739 e 193031 01347041 2600241 ©91662+0 oe 3566/41 
1.55 0.68410 21947341 01353841 02636241 ©91319+0 © 3605741 ° 
1.56 0.68087 o 1964341 21360641 02672541 ~-90970+0 2° 3645041 
1.57 0.67769 -19812+1 0136744) 2709041 9061540 « 3684641 
1.58 0.67455 ~19981+41 01374241 02745841 ©90255+0 0 3124441 
1.59 0.67147 0201494) o13811+1 02782841 ©89890+0 ° 3164641 
1<60 0.66844 2031741 e 13880+1 282001 ©89520+0 - 3805041 
1.61 0.66545 e 204851 « 1394941 02857441 ©89145+0 oe 3845641 
1262 0.66251 2206531 01401841 2895141 -82765+0 3886641 
1.63 0.65962 2082041 ~14088+1 02933041 ~88381+0 0 39278%1 
1.64 0.65677 22098641 0 14158+1 02971241 237992+0 2 39693+1 
1.65 0.65396 02115241 01422841 2 30096+1 ~87599+0 «4011041 
1°66 0.65119 021318+1 014299+1 2° 30482+1 ©87201+0 4053141 
1.67 0.64847 02148441 0143691 © 308701 «8680040 24095341 
1.68 0.64579 0 21649+1 © 1444041 2 31261+1 ~ 8639440 04137941 
1-69 0.64315 o218131 01451241 «3165441 © 85985+0 4180741 
1-70 0.64054 o219TT+1 01458341 © 32050+1 © 8557240 0422 3841 
171 0.63798 022141 +] 0146551 ° 3244841 ©85156+0 04267241 
1.72 0.63545 02230441 ol14727+1 2 32848+1 284736+0 o 4310841 
1.73 0.63296 0224674) 21480041 © 33250+1 08431240 39. 4 3 5 GT 1 
127% 0.63051 0226291 01487341 ° 336551 « 83886+0 ° 4398941 
1.75 0.62809 o22791 +4) 0149464L. 23406241 © 83457+0 0444331 
1276 0.62570 0 2295241 e 1501941 0 3447241 «8302440 2 4488041 
l.77 0.62335 02311341 @ 1509341 0 3488441 © 82589+0 0453 30+1 
1-78 0.62104 0 23273+1 o15167+1 © 3529841 © 82151+0 04578241 
1.79 0.61875 0 23433+) 1524141 0 3571441 ~81711+0 0462 3741 
1-80 0.61650 0 23592+1 01531641 «361331 ~B81268+0 04669541 
1.81 0.61428 02375141 0153S1+#1 2° 3655441 e 80823+0 047115541 
1.82 0.6!209 0239091 01546641 © 3697841 «80376+0 04161841 
1.83 0.60993 0 24067+)1 01554141 0 3740441 © 79927+0 04803441 
1.84 0.60780 0 2422441 1561741 2 37832+1 © 79476+0 04855241 
1.85 0.60570 22438141 2 15693+1 2 3826241 © 79023+0 0490231 
1-86 0.60363 0 24537T+)1 01577041 2 38695+1 » 78569+0 04949THL 
1.87 0.60159 ~24693+1 01584741 2391301 © 7811340 0 49973+1 
1.88 5.59957 024645841 01592441 © 39568+) © 77655+0 0 50452¢1 
tL.» B9 0.59758 2 250031 -16001+¢1 24000841 o77194+0 0509341 
1290 0.59562 02515741 e 1607941 24045041 © 7673640 05141841 
te) 0.59368 ©25310+1 0161574) 04089441 © 7627440 ~51905+¢1 
1.92 0.59177 0 2546341 © 16236+1 04134141 275812+0 05239441 
1.93 0.58988 0256164. 01631443} 24179041 « 7534940 05288641 
1<94 0.58802 025767/+) 01635441 04224241 « 74884+0 ~53381+1 
1.95 0.58619 -2591941 01647341 04269641 © 7442040 253878+1 
1-296 0.58437 2 2606941 01655341 04315241 ~ 7395440 0543 78+) 
1297 0.58258 © 262201 2166331 043610+1 © 73488+0 -54881+1 
1.98 0.58082 ° 26369t) o 1671341 04407141 ~-73021+0 -55386+1 
1.99 0.57907 © 2651841 © 1679441 04453441 © 72555+0 05589441 
2-00 0.57735 02666741 1687541 ~45000+1 ~72087+0 
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Compressible Flow Functions for Normal Shock Waves, y #1.40 


0,,0 * 
Mi, Mo 4 42 1)/T, Fr ar Py /P PRy/ P, 

pL /P, A; /Ae 

2.00 0.57735 02666741 © 1687541 450001 -72087+0 05640441 

2.02 0.57397 0 26962+1 017038+1 o 45938+1 ©71153+0 0574331 

: 2204 0.57068 02725541 0172C3+1 o 46885+1 e70218+0 05847341 

2.06 0.56747 0 27545+1 o17369+] 0 478424) °69284+0 05952341 
2.08 0.56433 0218331 o17536+1 ° 4880841 °68351+0 06058341 
2-10 0.56128 02811971 o17704+1 0 4978341 °67420+0 061654t1 
2612 0.55829 «2840241 01787541 © 5076841 °66492+0 06273541 
2-14 0.55538 -28683+1 e 1804641 05176241 °65567+0 06 3B2THi 
2-16 0.55254 © 28962+1 © 1821941 o 5276541 «6464540 06492941 
2-18 0.54977 0 29238+1 © 18393+1 05377841 063727T+0 06604241 
2220 0.54706 ©29512+1 e 1856941 2548001 e62814+0 oh 716541 
2022 0.54441 02978441 1874641 5583141 e61905+0 26829841 
2-24 0.54182 © 3005341 o 1892441 2568724) ©61002+0 06944241 
2626 0.53930 - 30319+1 21910441 05792241 ©60105+0 -7059T+1 
2228 0.53683 2 3058441 © 1928541 25898141 259214+0 e71761+1 
2-30 0.53441 2 3084541 - 1946841 «6005041 © 58330+0 07293741 
2232 0.53205 © 3110541 21965241 06112841 057452+0 0 174122+) 
2-34 0.52974 03136241 ~19838+1 06221541 -56581+0 o75318+t1 
2-36 0.52749 © 31617+1 2 20025+1 063312+1 055718+0 07652541 
2-38 0.52528 © 3186941 22021341 o 6441841 © 54862+0 01774241 
2-40 0.52312 23211941 2204031 0655331 °54014+0 0789691 
2242 0.52100 2 32367+1 ° 2059541 «6665841 ©53175+0 e 8020741 
2044 0451894 0 32612+1 02078841 06779241 052 344+0 08145541 
2-46 0.51691 © 32855+)1 © 20982+1 «689351 ©51521+0 e8271341 
2-48 0.51493 2 3309541 o21178+1 270088+1 ~50707+0 o83982+1 
2-50 0.61299 © 343331 02137541 o71250+#1 ©49902+0 8526141 
2052 0.51109 © 3356941 02157441 07242141 4910540 08655141 
2-54 0.50923 © 338031 02177441 oe 1360241 048318+0 .° 878511 
2-56 050741 ° 3403441 02197641 0 17479241 © 4754040 8916141 
2-58 0.50562  34263+1 02217941 -75991+1 °46772+0 09048241 
2260 0.50387 ° 34490+1 0223831 o77200+1 04601240 09181341 
2262 0.50216 03471441 0225901 e 78418+1 © 45263+0 09315441 
2.64 0.50048 ° 3493641 022797) o 1964541 044522+0 09450641 
2266 0.49883 ° 3515641 0 230CEF+1 280882+1 ©43792+0 9586841 
2.68 0.49722 ° 3537441 o23217+1 © 8212841 °43071+0 o9T24141 
2.70 0.49563 2 3559041 02342941 2833831 242 35940 09862441 
2.72 0.49408 e 35803+1 02364241 o 84648+1 e41657+0 210002+2 
2274 0.49256 ° 3691541 2 23858+) © 85922+)1 © 40965+0 01014242 
2276 0049107 © 3622441 0240744] . 28720541 04028340 -10283+2 
2-78 0.48960 ° 3643141 02429241 - 8849841 © 39610+0 010426+2 
2-80 0.48817 2 3663541 0 2451241 e 898001 2 38946+0 © 10569t2 
2-82 0.48676 2 3683841 0 24733+) e9L1L1L1L+41 ° 38293+0 elLOTL4:2 
2084 0.48538 ° 3703941 0249554] 09243241 «3764940 21085942 
2.86 0.48402 © 37238+1 02517941 09376241 ©3701 4+0 211006+2 
2.88 0.48269 ° 3743441 02540541 29510141 «3638940 011154+2 
2.90 0.48138 -.37629+1 0 256324) © 9645041 © 3577340 011302+2 
2292 0.48010 - 37821+1 02586141 978081 ©35167+0 01145242 
2294 0.47884 o 38012+i © 2609141 9917541 © 34570+0 01160342 
2-96 0.47760 2 3820041 0263224] 2 1005542 © 33982+0 01175442 
2298 0.47638 2 38387+) 2 26555] -10194+2 © 3340440 ~11907+2 
3-00 0647519 3857141 02679041 © 1033342 © 32834+0 21206142 
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TABLE A-4 


Flow Functions for 


Normal Shock 


Waves, y =1.40 


0 0 
M, Mo uy fu2 T/T, fF p/P” PY / P 
q 
PoP, AIyAo* 
3200 0.47519 e 3857141 e26f19041 © 1033342 e 32834+0 e 1206142 
3202 0.47402 e 387541 2102641 0e104744#2 eo 32274+0 el2216+2 
3204 0.47287 e 389351 eo2l 24441 e 1061542 e31723+0 e123 772+2 
3206 0.47174 oe 3911441 o275C341 e10758+2 e31180+90 01252942 
3-08 0.47063 e 39291) 02114441 e10901+2 e 30646+0 el2687+2 
3210 0.46953 e 394ES41 o219B64t1 01104542 © 30121+0 01284642 
312 0.46846 oe 396391 2282301 elLL1I9O+2 e29605+0 e13006+2 
: 3014 0.46741 e 398i1l+41 0284751 e11336+2 e29097+0 o13167+2 
32-16 0.46637 e 39981+]1 e28T22+1 01148342 e28597+0 oe 1332942 
: 3-18 0.46535 4014941 2897041 01163142 -28106+0 01349242 
| 3-20 0.46435 40315] 29 220t1 ell780+2 e2 1623+0 01365642 
3022 0.46336 04047941 02947141 e11930+2 2114840 e138 2142 
3224 0.46240 4064241 02912441 e12081+2 «2668140 0 13987+2 
3-26 0.46) 44 4080341 02997941 el2232+2 e26222+0 0 14155+2 
3-28 0.46051 409631 03023441 «1 2385+2 e253771+6 0 lL 43232 
3230 0.45959 4112041 e 3049241 1 2538+2 e25328+0 o 1449242 
3232 0.45868 0412764) eo 3075141 01269342 o24892+0 eo 1466242 
3034 0.45779 04143141 eJLOLI+L 1284842 02446440 « 148 3442 
3236 0245691 042.5831 e 31273541 e13005+2 240430 e 1500642 
3-28 0.45605 04173441 eo 315374) e13162+2 o23629+0 e 151802 
3-40 0.45520 o41884+]1 e318C2+1 01332042 e23223+0 e 1535442 
3042 0.45437 0420321 ~ 320691 01347942 02282340 e 155 3042 
32044 0.45354 eo42178+1 03233741 01363942 02243140 eo 1570642 
3-46 0.45273 042 323+1 oe 3260 7+#1 e13800¢2 02204540 e 1588442 
3248 0245194 04246 7+] 232878+1 01396242 e21667+0 « 16062+2 
3250 0-45115 476091 331501 01412542 e212S5+0 oe 1624242 
3-52 0.45038 042 149+] 03342541 01428942 e20929+0 e 1642342 
325% 0.44962 04288841 o337C141 0 1445442 e205 70+0 e 1660442 
3-56 0.44887 04302641 03397841 21461942 e20218+0 eo 1l6787+2 
3.58 0.44814 043162+1 ©3425 7+1 01478642 -19871+0 e16971+2 
2260 0244741 043296] 03453741 e 14953+2 e19531+0 oe 17156+2 
3-62 0.44670 04342941 oe 3481941 01512242 01919740 o17341+2 
32-64 0.44600 0435614] 0351031 1529142 e18869+0 oe 1752842 
3-66 0244530 ©43692+1 3538841 e 1546242 e18547+0 el?716+2 
3-68 0244462 04382141 0 3567441 © 1563342 e18230+0 01790542 
3.70 0.44395 «4394941 oe 3596241 e 1580542 e 1791940 e 1809542 
3-72 0.44329 0440751 0 3625241 2=15978+2 o1761440 eo 1828642 
3214 0.44263 oe £42001 oe 3654341 e16152+2 01731440 eo 1847842 
3-76 0244199 044352441 e 3683641 ©1632 7+2 1702040 el8671 +2 
3.78 06-2441 36 @ 4444741 03713041 © 16503+2 e 1673140 e 1886542 
3-80 0-44073 2 44568+1 03142641 e 1668042 1644740 e 1906042 
3-82 0244012 446881 o37712341 1685842 e16168+0 e 19256 +2 
3.28% 0.43951 04480 7+1 eo I802241 el ?l037+2 e-15895+0 oe 1945442 
3286 0.43891 046492441 eo 3832341 e1l721642 e 15626+0 -« 19652+2 
3.88 0243832 04504141 e 38625+1 el739T+2 e15362+0 eo 1l98514+2 
3-90 0243774 045156+)1 e389 28+1 e1l75784#2 © 1510340 20051 +2 
3292 N0e435717 0452701 0392331 eiridle2 01%&348+0 oe 20253#2 
3294 0243661 0453831 3954041 0 17194442 eo 1459840 oe 20455 +2 
3-96 0.43605 045494+1 e 39848+1 1812942 e 1435340 e 20658 +2 
3-98 0243550 456051 o-40157+1 1831442 ©14112+0 e 20863+2 
4.00 0243496 04571441 o40469e1 e 1850042 e13876+0 (021 068+<¢ 
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Compressibie Flow Functions for Normal Shock Waves, y = 1.40 
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0,-,0 %,.% re 2 
: M, M2 1% 1/7, RF RB /R pos P 
| és Ay /Ao" 
4200 0243496 24571441 .4046941 21850042 013876+0 22106842 
: 4202 90043443 0=—s 0. 4582341 8=6. 4078141 - 18687+2 01364340 8 .2%275+42 
4004 02643390 .4593041 .4109641 .18875+2 .1341540 02148242 
4206 0243338 64603641 =o 4141241 = 1906442 = 01319140 = 22169042 
4.08 04243287 4614141 .41729+1 01925442 21297240 621900+2 
4.10 0243236 .46245+i 244204841 01944542 .12756+0 22211142 
4el2 0243186 .46348+1 .4236841 .19637+2 21254440 02232242 
4014 02643137 24645041 .42690+1 019830*2 21233640 222535+2 
4.16 0443089 .4655041 .43014+1 02002342 01213140 02274942 
4018 0242041 4665041 .43339+41 2 20218+2 01193040 622963+2 
4.20 04242994 .46749+1 .43666+1 02041342 2.117330 02317942 
4.22 0042947 =n. 4B 4TH1 =. 43 9:94 1 o2061042 21154040 22339642 
4.24 02642901 .4694441 .44324+1 ~20807+2 .11350+0 02361442 
4026 02642856 24704041 .44655+1 2 21006+2 011163+0 223832+2 
4.28 0642811 04713541 .449868+1 02120542 .1098040 24052+2 
4030 0042767 64722941 464532241 02140542 21080040 .24273+2 
4.32 0642723 24732241 .45658+1 02160642 .10624+0 02449542 
4.34 0242680 24741441 .45995+1 02180842 .10450+0 .624718+2 
4.36 0642638 .47505+1 .46334+1 22201142 .10280+0 02494242 
4038 0642596 164759541 14667541 .22215+2 210112+0 o25167+2 
4040 0642554 24768541 24701741 22242042 099481-1 2 25393+2 
4.42, 0042514 64777341 «=. 4736141 0 2262642 2 97 868-1 02562042 
4.044 0042473 so 4TBO141 «= 0 470641 «= 22832420 2=Ss_ 6 96 283-1 °25848+2 
4046 39 000 4243302 4794841 = 6 48 05341 2 2304042 0947271 2 26077T+2 
4.48 0242394 .48034+1 .48401+1 02324942 -93199-1 0263072 
4.50 0242355 24811941 .4875141 22345842 ©91698-1] 0265392 
| 4.52 0242327 24820341 .491C241 22366942 © 90224-1 02677142 
4.54 02042279 .48287+1 .49455+1 2 23880+2 2 8877TT-) 02700442 
4.56 0242241 14836941 .49810+1 0 2409242 087255-1 027238+2 
4.58 0242205 .4845141 .5016641 .24306+2 .85958-1 027471442 
4.60 0042168 4853241 2505234) 22452042 .84587-1 02771042 
4062 02642132 24861241 .50882+1 0 2473542 2 83240-1 02794742 
4.64 0242096 .486924+1 .51243+41 024951+2 «81916-1 ©28186+2 
4066 0642061 24877141 .51605+1 0 25168+2 -80617-1 0 28425+2 
4.68 0642026 .4884941 .51969+1 2 2538642 279 340-1 02 8666+2 
4.70 041992 4892641 0 52334+1 e 2560542 e78086-1 e28907+2 
4.72 Oc41958 .4900241 #.52701+1 2 25825+2 2 76854-1 ©29150+2 
4.74 0241925 .49078+1 25307041 2 2604542 2 75644-) 029393+2 
4.76 0241891 ..4915341 .53440+1 22626742 .74455-1 °29638+2 
4078 0241859 .4922741 .53811+1 2 2649042 2 73287-1 02988442 
4.80 0241826 .49301+¢1 05418441 °26713+2 © 72140-1 © 30130+2 
4.82 02461794 .4937441 2.545594) «2693842 e71013-1 2 30378+2 
4.B4 0241763 24944641 .5493541 .2716342 269906-1 030627T+2 
| 4086 00241731 £.49518+1 © 55313+1 «2738942 -68818-1 03087642 ~ 
4.88 0.41701 .49589+1 0 55692+1 o 2761742 067749-1 031127+2 
; 4.90 04641670 .4965941 .56073+1 0 2784542 2 66699-1 03137942 
, 4e92 0261640 = 0. 49 72841 2S 5645541 2807442 265667-] 03163242 
4.94 0261610 4979741 5683941 2 2830442 0 64653-1 031886+2 | 
4.96 04241581 04986541 05722441 0 2853542 063657-1 03214142 = 
t 4098 0641552 .4993341 5761141 2876742 .62678-1 03239642 | 
r 5.00 0241523 .50000¢1 - 580004) ©2900042 .61717-1 03265 3+2 . 
t 
t 
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Mo 


0.41523 
0041384 


uy, /uo 
Po /P, 


~50000+1 


20503261: 


T/T, 


5800041 
259966+1 


0,50 
Pa 


«2900042 
2 30178+2 


% tt . 
PR /P 


Ay Aa* 


e6171I~1 
057151-1 


wv 
mR, 


oe 3265342 
e 3395472 


——_ o™ 
, 4 
Fe ~e fp 4 . .' bee ee ee ee 
eae: er? LORE eo. B. : 


6.20 0641252 ~50637T+1 26197142 «3138042 .52966—1 .35280+2 
5630 40041127 3=—_ 0 5093441 4=—« 641441 «=. 3260542 )=—s 0 491 26-1 =o 3663142 
5.40 0041009 0651218+1 16609741 .3385342 .45601-1 3800942 | 
5650 0040897 = 5148941 «=o 6BZ1841 = 3512542 = 2362-1 =o 3941242 
5.60 0.40791 0517494] 27037841 48=06 3642042 )02=s- 393 83—1 = 408 412. 
5070 390040690 )2=—s o- 51199841l =o. T257741 «=. BT73B+2 =o 36643-1 = 4229642 
5.80 04640594 25223641 27481441 .3908042 .34120-L 04377742 3 
5690 90 00 40503. 0—s-o 5 246441 «=e TTOG14¥1 «=o 4044542 =. BL T95-1 = 0. 452.8342 | 
6.00 0640416 £.52683+1 07940641 §=«6 4183342 2.29651-1 24681542 } 
bel Co40333 05289341 28176041 14324542 .27672-1 24837342 ; 
6020 0040254 05309441 .84153+1 .4468042 .25845-1 24995742 ! 
be30 0040179 25328741 08658441 24613842 .24156-1 .51566+42 | 
be40 0640107 05347341 28905541 4762042 .22594-1 25320142 | 
be50 0640038 05365141 09156441 04912542 .21148-1 5486242 | 
be60 0639972 65382241 .9411241 .50653+2 .19808-1 .5654942 | 
6070 0239909 = o. S39BT+1 «=«_-o- 9HHGI4L = =§._ no. H2ZO54+2 = «:« '5H6-1 = 6 9826142 : 
6-80 0.39849 05414541 099325+1 25378042 0174141 25999942 | 
6090 0639791 €5429841 61019942 .55378+2 .16345-1 26176342 ! 
7.00 0039736 05444441 = 0 1046942 9=— e 5700042 = 0. 15 352-1 = 0 63 5342 } 
Te'D 0039683 254586%1 01074442 25864542 .14428-1 6536842 
7655 0639632 054722+1 01102242 .6031342 13569-1L 26720942 
T7230 0.39583 o54853+1 011304+4+2 062005+2 ~12769-1 - 690 7642 
7640 3 000. 39536 0 3=—_ e 5498041 = 1159042 =. 6 3 T2042 2S w12023-1 = 6 7096942 
7050 0039491 05510241 01187942 66545842 .11329-1 27288742 
70660 4900 39447 =e 5522041 01217342 267220+2 .10680-1 .74831+2 
TeTO0 00 39405) =o 5533441 =o 1 247142 = 6900542 =. 1 0075-1 = «6 7680142 
7080 06 39365) 3«=— so 5544341 = 12277242 2 2= 2 7081342 =. 95102-2 6. 78797+2 
7090 00. 339326 3=— so. 5555041 013077#2 067264542 = 89820-2 =. 808 18 +2 
8200 0.39289 .55652+1 21338742 074500+2 .84879-2. .82865+42 
G10 0.39253 «55751+41 01370042 .76378+2 .80254-2 .84938+2 
8.20 0639218 «5584741 1401742 .78280+2 .75924-2 .87037+2 
830 0039185 25594041 01433842 8020542 .71866-2 .89161+2 
8.40 0.39152 5603041 21466242 08215342 e68061-2 .91312+2 
8.50 02039121 cS56116+1 ch499142 68412542 .64492-2 .93488#2 
&e60 0.3909} 5620141 01532442 08612042 .61141-2 .95689+2 
8.70 046379062 .56282+1 21566042 08813842 57694-2 .97917+2 
8.80 . 0.39034 5636141 216000+2 9018042 +255037-2 #.10017+43 
8.90 0.39006 .56437+1 01634542 09224542 .52255-2 241024543 
9.00 0238980 056512+1 1669342 9433342 .49639-2 .10475+3 
10.00 0.38758 57143+#1 020387:2 01165043 030448-2 .12922+43 
11,00 02638592 05761941 02447..2 141N0*3 .19451-2 61562643 
12-00 02638466 57987+l 02894342 01678343 .12865-2 .18587+3 
13000 0.38368 «5827641 .33805+2 .19700+3 .87709-3 .21806+3 
14000 0638239 -S58507#+L 23905542 22285043 .61380-3 .25282+3 
15.00 0.38226 .58596+1 24469442 02623343 0 43953-3 = e. 2901 6 #3 
16000 0238174 05885141 +.5072242 229850+3 .32119-3 .33008+3 
17.00 0.38131 «58980+1 05713842 03370043 .23899-3 13725643 
18.00 0.38095 «59088+1 06394442 03778343 018072-3 «4176343 
19.00 0.38065 }#.59180+1 o71138+2 04210043 013865-3 .46527+3 
20.00 0238039 65925941 67572242 64665043 = e LOTT8-3.—s_ 0 515 4843 
INFIN 0.37796 «6000041 INFIN INFIN ~00000 INFIN 
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| | Compressible Flow Functions for pore ane Waves, > =1.67 7 
M Mo uy fu R/T, fA Rf ia Poy P : 
‘ 2 /P, Ai /A2 
1.00 1-00000 ~10000¢1 e 100CC+1 - 10000+1 ~10000+1 02054841 
1.01 0.99015 ~10150+1 «101C0+1 21025i+1 -10000+1 o20807T+1 
1.02 0.98058 ~10300+1 2 10200+1 - 1050541 -99999+0 e21071¢1 
1.03 0.97129 1044941 2 102991 e 1076241 ©99997T+0 02133941 
1.04 0.96227 - 1059941 e 103S8+1 e 1102141 °99993+0 02161141 
1.05 0.95349 -10749+1 0 10497+1 011282+1 ©99986+0 021888+1 
1-06 0.94496 -10898+1 -10595+} 01154641 © 99976+0 02216841 
1.07 0.93666 01104741 -10693+1 01181341 © 9996 3+0 0224531 
1.08 0.92858 01119641 e 107S0+1 e 1208241 ©99946+0 02274141 
1.09 0.92072 01134541 « 10888+1 01235341 099925+0 02303441 
1.10 0.91307 01149441 2 10985+1 012627+1 ~99899+0 02333041 
5 ea | 0.90561 01164341 ~ 110831 e12903+1 99 868+0 02363141 
1.12 0.8983% 01179141 e11180+1 e13182+1 ©99832+0 02393541 
1.13 0.89126 01193941 ell277+1 - 1346441 ©99791+0 02424241 
1.14 0.88435 212087+1 o11374+1 01374841 09974440 02455441 
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| 1226 0.81323 01383641 21254041 01735041 ©96692+0 02857241 
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1.38 0.75873 01552141 01373241 02131 3+1 © 96689+0 03307841 
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: 1247 0.72567 1673441 01455441 02452241 09460440 03676441 
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0.55999 
0255828 
0.255661 
9.55498 
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02579141 
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0268 29+1 
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0264951 
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980051 
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3.04 
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3.14 
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3.46 
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3.78 
3.80 


3-82 


32-84% 
3.86 
34288 
3090 


3292 
329% 
3296 
3298 
4200 


A-262 


ee ee ne = -. se peng Ste 


AMCP 706-285 


Mo 


0.52271 
0.52177 
0.52085 
0.51994 
0251906 
0.51818 
0.51733 
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0.251566 
0.251485 
6251405 
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0-50885 
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0.50242 
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0249957 
C249903 
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e 352801 
eo 353131 
eo 353474) 
© 3537941 
eo 39412+1 
oe 3944441 
e 35476+1 
e35507+1 
e 3553941 
e 355694} 
e35600+1 


Tt / T, 


¢58848+1 
@ 593531 
@ 5986071 
-60369+1 
e 6088241 


26139641 _ 


619131 
@62433+1 
0629551 
26348041 
-640C 7+1 
@ 46453741 
65069} 
o656C3+1 
661401 
- 666801 
e67T222+l 
e677 Tb7+1 
6831441 
e 68 86 3+1 
©69416+1 
e69970+]1 
e 10527+1 
ofLO087+1 
e 716491 
eo 12214+1 
eof2781+1 
e 133501 
0 13922+1 
0 1449 7+) 
o 150744) 
oe 1565441 
1623641 
e 168201 
o (74T8+1 
eo /7997+1 
(8589) 
eo 1/9184+1 
e/9Telel 
e 80381+1 
«8098 3+1 
8158741 
©82194+1 
e828C4+4+1 
8341641 
08404141 


28464841 


08526 8+) 
858901 
e86514+1 
8714241 


0,50 
re! 


01916442 
e 19965+2 
© 20166+2 
02036942 
2057342 
e20OTT +2 
209832 
e2119042 
o21397+2 
«21606+2 
e2l&lLb+2 
o22026+2 
022238+2 
02245142 
02266442 
02287942 
02 3095+2 
0o23311+2 
0 23529+2 
o23147T+2 
02396742 
o2%188+2 
2440942 
© 24632+2 
2485642 
023908042 
025306+2 
©25533+2 
02576042 
02598942 
e26219+2 
0264502 
o26681+2 
2691442 
024114842 
02 1382+2 
e261 8+2 
021855+2 
e28092+2 
028331+2 
2857142 
e28811+2 
2905342 
02929642 
02953942 
o29TB4+42 
« 3003042 
e302 T6642 
0 3082442 
3077 342 
2 31022+2 


% 4% 

i Eas 
Al /Ao™ 
e2 383940 
02357440 
e23312+0 
e23054+0 
e22800+0 
022548+0 
e22300+0 
e22056+0 
eo2181L4+0 
e21576+0 
o21341+0 
°21109+0 
2088040 
o20654+0 
0 20431+0 
e20211+0 
© 19994+0 
e19780+0 
- 19568+0 
e19360+0 
e19154+0 
-!8950+0 
-18750+0 
e18552+0 
e18356+0 
-18163+0 
o1.7973+0 
01778540 
el 7569940 
o17416+G 
~17235+0 
1 7057+0 
© 1688149 
el67C7+0 
© 16535+9 
e16366+0 
e16198+0 
eL6033+0 
~15870+0 
~15709+0 
e 1555040 
o153S2+0 
o15237+0 
-15084+0 
e14933+0 
ol 478440 
-14636+0 
o14491+0 
01 4347+0 
e 14205+0 
- 1406540 
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Normal Shock Waves, y 21.67 


6) 
PP/ P 


02 3985+2 
o24221+2 
02445842 
02 469642 
0249 35+2 
0251 76+2 
0259418t2 
o25661+2 
02 5908t2 
02615042 
e2639T+2 
02 66%4+2 
o26853+2 
02114342 
0273952 
02164742 
e2 1900+2 
02815542 
02 8411+2 
02 8668+2 
o28926+2 
0291 86+2 
02944742 
02 9708+ 2 
e299 T142 
e 302 35+2 
©30501+2 
~307T67+2 
© 31035+2 
0 3130442 
03157442 
03184542 
03211842 
0 3239142 
° 32666+2 
e 32942+2 
0 533219+2 
0 3349TH2 
e33TTI+2 
03405742 
0 343392 
0 3462242 
o 34906+2 
0 3519242 
0 3547842 
oe 35716642 
e 36055+2 
© 3634542 
© 366 36%2 
eo 3692942 
03122242 


A-263 
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Compressible 


5.00 
§$.10 
$.20 
5.30 
5-40 
5.50 
5.60 
§./70 
5.80 
5.90 
6.00 
6.10 
6.20 
6.30 
6.240 
6.50 
6.60 
6.70 
6.80 
6.90 
7.00 
le 10 
1.20 
1.30 
T240 
7290 
7.60 
7.70 
1.80 
7290 
8.00 
6.10 
8.20 
8. 30 
8.40 
6.50 
8.60 
&. 70 
8.80 
8.90 
9.00 
10.00 
12.90 
12.00 
13.00 
14.00 
15.00 
16.00 
17.00 
18.00 
19.00 
20.00 
INFIN 


A-264 


Mo 


0.47578 
0.47472 
0.47372 
0.47277 
0.47187 
0.47103 
0.47022 
0.46946 
0.46873 
0.46804 
0.46739 
0.46676 
0.46617 
0.46560 
0.46506 
0.46454 
0.46404 
0.46357 
0.46312 
0.46269 
0.46227 
0.46187 
0.46149 


0.46112 — 
0.46077 © 


0.46043 
0.46011 
0.45980 
C.45950 
0245921 
0.45893 
0.45866 
0.45840 
0.45815 
0.45791 
0.45768 
0.45745 
0.4572% 
0.45703 
0245662 
0.45663 
C.45497 
0.45375 
0.45282 
0.45209 
0245151 
0.4510% 
0.45066 
0.45035 
0.45008 
0.44986 
0.244966 
0.44788 


Flow Functions for 


u, /uz 


Py /P, 


e 3560041 
e 3574841 
e 3588941 
e 3602341 
e 3615041 
eo 3627141 
e 3638741 
e 3660341 
367031 
eo 3679941 
e 36891 41 
e 369794) 
e 3706341 
oe 371444) 
e37T22141 
e 372951 
o 3736641 
eo 374344) 
e 3750041 
e 375624) 
e 376231 
e 37681 +1 


3773741 


3779141 


9 3784341 


e 3789241 
oe 3794141 
03798741 
e 38032+1 
e 38075+1 
eo J8LIT+1 
o 381574) 
eo 381961 
e 38233+1 
oe 3827041 
eo 3830541 
2383394) 
eo 3837241 
« 384031 
e 3843441 
e 38696+1 
e 388914) 
e 3904141 
391591 
e 3925341 
e 393291 
e 3939141 
e 3944341 
2394874} 
o 395244) 
- 39556+1 


- 39851+1 


To/ T 


©87142+1 
©90315+1 
09355141 
968501 
-1002i+2 
010 363+2 
e10712+2 
e11067+2 
o1L428+2 
ol117S6+2 
e12169+2 
© 12549+2 
e 12936+2 
013328+2 
e13727+2 
0 14132+2 
e 14543+2 
01496142 
e15385+2 
2o15815+2 
© 16252+2 
oe lL 66S4+2 
01714342 
-17599¥2 
e 1806042 
e18528+2 
«© 19002+2 
e 19482+2 
e 1996942 
e20462+2 
2096142 
02146742 
o21978+2 
02249642 
02302142 
02355142 
° 24088+2 
2463142 
e 2518042 
025736+2 


02629842 


eo 32263+2 
0 388552 
@46075+2 
0539232 
0623592 
0 ?715C2+2 
9° 8123342 
09159242 
21025843 
01141943 
« 1264443 
INFIN 


ton 


“4 


TABLE A-4 


Normal Shock Waves, y =1.67 


0,0 
radi 


03 1022+2 
03228642 
0 3351442 
2 34888+2 
2 62262 
«3759042 
e 3897842 
040392+2 
041831+2 
043294+2 
04418342 
4629642 
047835+2 
04939942 
05098 7+2 
5 2601+2 
05424042 
03590442 
05 T592+2 
059306+2 
06104542 
6280942 
©64598+2 
06641142 
©68250+2 
e1/0114+2 
e 1200342 
01391 7+2 
e 1/5856+2 
eo (/T82042 
e 1980942 
e81823+2 
e83862+2 
085926+2 
e 8801 5+2 
901292 
©92268+2 
©94432+2 
09662142 
o98836+t2 
elOLO7+3 
01 2484+3 
~e (511143 
o17983+3 
e21116+3 
0 2449 343 
2812143 
oe 3199945 
e36127+3 
e40505+3 
045134+3 
©50012+3 


INFIN 


; - “ @ ewer «ge eee NE eeee = VES d & 0 rw ts oe errs ‘ 
Oho en a 


p*/p* 
Aly/Ao™ 


«14065+0 
21 3389+0 
012754+0 
e12156+0 
e-11593+0 
e11063+0 
©10564+0 
«10093+0 
09648i-|k 
092282-1 
e88315~-1 
084564-1 
©81016-1 
eo77657-1 
0 1/4475-1 
e71460-1 
-68600-1 
-65887-1 
e6 3311-1 
-60865~-1 
~58539-1 
©56328-1 
05 4224-1 
52221-1 
©50313-1 
048496-1 
046763-1 
045109-1 
043532-1 
042025-1 
©40586-1 
e3GS21 1-1 
©37896-1 
e 36639-1 
©35435-1 
03428 3-1 
033179-1 
e32122-1 
©31108-1 
e30136-1 
°29203-1 
e21671-2 
el6502-1 
o12845-1 
-10!188-1 
e82131-2 
06 7154-2 
05559 7-2 
046540-2 
0 39 344-2 
2 33555-2 
028846-2 
eQ00000 


0 
FAP, 


03722242 
3870842 
e40223+2 
e41lT67+2 
043341+2 
044945+2 
0465 F742 
04824042 
049931+2 
051652+2 
05340342 
5518342 
© 56992+2 
©58831+2 
606992 
062597+2 
064524+2 
©66480+2 
°68466+2 
o10481+2 
0 12526+2 
e 74600+2 
el6704+2 
~718837+2 
«8099942 
08319142 
o8541l2+2 
©87663+2 
oe 89943+2 
0922532 
09459242 
©96960+2 
09935842 
e101 7943 
0 10424+3 
e10673+3 
1092443 
el11179+3 
01143643 
o1169743 
-11960+ 3 
01475543 
01 7844+ 3 
o21228+3 
o24906+ 3 
o28877+3 
0 4314443 
037710443 
0425593 
e4&1T071+3 
05315043 
o58888+3 
INFIN 


—r 2 
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QUANTITY 


Atmospheres 
Brake Horsepower 
British Thermal Unit 
Calohe 
Centimeter 
Centimeters of Mercury 
Cubic Centimeter 
Cubic Feet 
Cubic Inches 
= | Cubic Meters 
Degrees Centigrade 
Degrees Fahrenheit 
Deprees Kelvin 
Degrees Rankine 
Dynes | 
7 Feet 
Gram (force) 
Gratn (mass) 
Gallons 
on Horsepower 
Inches 
Inches of Mercury 
Kilograms 
Kulocalories 
Kilowatts 
Kilowatt Hours 
Meters 
Pound (force) 
Pound (mass) 


. Pounds per Cubic Foot 
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ABBREVIATIONS FOR PRINCIPAL. UNITS OF MEASUREMENT 


ABBREVIATION 


atm 
bhp 

B 

cal 

cm 
cm-Hg 
cc 

cu ft 
cu in. 
m2 

°C 
°F 
°K 
°R 
dyne 
ft 

gt 
gm 
gal 
hp 


pcf 


B- | 
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TABLE B-! (Continued) 


QUANTITY 


B-2 


Pounds per Square Foot 

Pounds per Square Foot Absolute 
Pounds per Square Inch 

Pounds per Square Inch Absolute 
Poundals (force) 


Seconds 


Shaft Horsepower 


Thrust Horsepower 





eember Guess Gee @ * “88a wow CT o- 


ABBREVIATION 


psf 
psfa 
psi 
psila 
pdl 
sec 
shp 
thp 


yy om 








PRES 


@ 
ss 


cd 





SYSTEM 


English Gravitational 


American Engineers 


Metric Absolute 


Metric Gravitational 


I,- Length 
T - Time 
M - Mass 
F - Force 











TABLE B-2 | -_ 


SYSTEMS OF DIMENSIONS, THEIR UNITS AND CONVERSION FACTORS 


PRIMARY 


DIMENSIONS L | T 1M) 


Ibf - pound force 
ibm - pound mass 
ef - gram force 


gm - gram mass 


MFLT ft | sec lbf 32.1740 ft/sec? | 1.0 slug-ft 
lbf-sec? 





STANDARD GRAVITATIONAL | GRAVITATIONAL CONVERSION 
| ACCELERATION (EARTH) Bo FACTOR g. 
; a: ig English Absolute MLT ft | sec 32.1740 ft/sec? 10 lbm-ft 
: _ pdl-sec” 
lbf 32.1740 ft/sec? 32.1740 lbm-tt 
Ibf-sece 








,o ecm 
dyne-sec? 


980.665 cm/sec? 


980.665 cm/sec? 980.665 2mtm 
pf-sec” 
pd] - poundal force 

cm - centimeters 

sec - seconds 


ft - foot 


3 
~} 
© 
o 
bt 
eo) 
WC 


- “ He yy o ‘ 4 1 Ae 
We Oe “he 
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CONVERSION FACTORS 
(American Engineers System of Units) 


| GIVEN MULTIPLY BY TO OBTAIN 


1. FORCE OR WEIGHT (F) 
in 
dynes 


grams 


kilograms 
Newtons 


poundals 


pounds 


3 : 2. PRESSURE (F/L?) 
: . 
atmospheres 


bars 


| dynes per sq cm 
grams per sq cm 
kilograms per sq m 
miillibars 


pounds per sq ft 


Fo een ieee tel ited > a Sr) cn ao 


ist eS TS 


TABLE B-3 


1.020 X 10° 
2.248 X 10° 


980.665 
2.2046 X 10°7 
0.0709 


2.205 
10° 
7.233 
0.2248 


0.03108 | 
1.383 X 10° 
14.098 


32.1740 
4.448 X 10° 


76.0 
29.9213 
1013.25 
14.696 
2116.22 
1.033 X 10° 
10° 
0.98692 
14.504 


2.953 X 10° 
7.501 X 10° 


2.048 
0.2048 


0.00142 
9.869 X 10° 


4.882 


grams 
pounds 
dynes 
pounds 
poundals 


pounds 
dynes 
poundals 
pounds 
pounds 
dynes 
grams 
poundals 
dynes 


cm Hg (at 0°C) 
in. Hg (at 32°F) 
millibars 

DSi 

psf 

kg per sq m 
dynes per sq cm 
atmospheres 
pounds per Sq in. 
in-Hg (at 32°F) 
millimeters of Hg 
pounds per sq ft 
pounds per sq ft 


pounds per sq in. 
atmospheres 


kg per sq m 





= 7 ~ Lager ony 0 apna | 
az yee rere 2 SC SO lB At All 


oo) wea xe abe «few | 


t 
| 
L 





GIVEN 


2. (Continued) 


pounds per sq in. 


3. MASS (M) 
in 
grams 


nounds 


slugs 


- 4. DENSITY (M/L?) 


in 
grams per cc 


pounds per cu’jn. 


5. LENGTH (L) 
in 
centimeters 


feet 


microns 
angstroms 


inches 
kilometers 
light years 
meters 


statute miles 





TABLE B-3 (Continued) 


MULTIPLY BY 


2.036 
5.1715 X 10 
144 

27.70 


2.205 X 10°° 
4.535 X 10? 
32.1740 


0.03613 
62.43 


1.728 X 10° 
2.768 X 10% 


0.03281 
0.3937 


30.48 
: 0.3048 


10-4 
105 


0.0833 
25.40 


3281 
0.6214 
0.5400 


5.88 X 10! 


3.281 
39.37 


5280 


1609 
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TO OBTAIN 


in.-Hg (32°F) 
mm-Hg (0°C) 

psf 

in.-water (39.2°F) 


pounds (mass) 
prams 


pounds (mass) 


pounds per cu in. 
pounds per cu ft 


pounds per cu ft 
kilograms per cu m 


feet 
inches 


centimeters 
meters 


centimeters 
centimeters 
feet 
millimeters 
feet 

statute miles 
nautical miles 
miles (statute) 
feet 

inches 


feet 
mefers 





B-5 
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GIVEN 


5. (Continued) 
statute miles 
nautical miles 


yards 


6. AREA. (L?) 
in 
sq centimeters 
sq feet 


sq inches 


sq yards 


7. VOLUME (L?) 
in 
cubic centimeters 


cubic feet 
cubic inches 


cubic meters 


gallons 


liters 


8. ENERGY (ML?/T?) 
in 


B-6 






British Thermal Units 


TABLE B-3 (Continued) 


PO OO Ir 


Se RE, ee 
Ne ee ee en ee id et ie ee koe o-- = ss 


MULTIPLY BY TO OBTAIN 


0.8690 


6076.1 
1.1507 


0.9144 


0.1550 


144.0 
929.0 


0.006944 
6.452 
10° 


1296 


0.06102 
0.001 


2.832 X 10% 
7.481 
28.32 


16.387 
5.787 X 10% 
1.639 X 10° 


35.31 
264.2 
1000 


0.1337 
231 


0.03532 
0.2642 


251.8 
2.931 X 10°4 


nautical miles 


feet 
statute miles 


meters 


sq inches 


sq inches 
sq centimeters 


sq feet 
sq centimeters 
sq mils 


sq inches 


cubic inches 
liters 

cubic centimeters 
gallons 

liters 


cubic centimetcrs 
cubic feet 

cubic meters 
cubic feet 


gallons 
liters 


cubic feet 
cubic inches 


cubic feet 
gallons 










calories 
kilowatt hours 
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TABLE B-3 (Continued) 


GIVEN MULTIPLY BY TO OBTAIN 


8. (Continued) 


a 4 









































British Thermal Units 1055 joules | 
778 foot-pounds 
3.93 X 10°% horsepower-hours 
1.055 X 10!° ergs 
ergs 1.0 dyne-centimeters 
7.376 X 10° foot-pounds ie 
1.0 X 10°7 joules : 
foct- pounds 5.050 X 107 horsepower-hours : 
3.766 X 10°’ kilowatt-hours ° 





1.2854 X 103 British thermal units 




















joules 0.7376 foot-pounds 
| | 3.72 X 10°? horsepower-hours 
Oo kilowatt-hours 3413 British thermal units 


9. POWER (ML? /T?) 

































; . in 
B per min 6.02358 horsepower 
q 12.96 foot-pounds/per sec 
| 17.57 watts 
0.2520 kilogrami-calories/per min _ 
: B per sec 1.414 horsepower 
foot-pounds per sec 1.813 X 10° horsepower 
horsepower 0.7062 B per sec 
550 foot-pounds per sec 


745.7 watts 


10. TEMPERATURE 
in 
degrees Kelvin 





degrees Centigrade + 273.2°C 
degrees Rankine 


degrees Fahrenheit -32°F 
degrees Fahrenheit + 459.7°F 





degrees Centigrade 






degrees Rankine 
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TABLE B-4 


DIMENSIONAL FORMULAS AND UNITS 


QUANTITY 


Acceleration 
Angular velocity 
Angular acceleration 
Area 


Compressibility 


Density 
Dynamic viscosity 
f 


Energy 


Force 


3 


A 


Gravitational acceleration 
Impulse 

Kinematic viscosity 
Length (linear dimension) 


Mass 

Mechanical equivalent of heat 
Modulus of elasticity 
Moment 

Momentum 


Peripheral velocity 
Pressure intensity 
Power 


Revolutions per time 
Rigidity modulus 


Surface tension 
Specific weight 





5-8 


UNITS 


AMERICAN ENGINEERS 
SYSTEM 


ft/sec? 
rad/sec 
rad/sec?* 
sq ft 

ft? /Ib 


slug/ft? 
lb-sec/ft? 


ft-lb 

lb 

ft/lb? 
Ib-sec 
ft? /sec 
ft 

slug 
ft-lb 
lb/ft? 
ft-lb 
slug-ft/sec 
ft/sec 
lb/ft? 
ft-lb/sec 


rev/sec 
lb/ft? 


lb/ft 
lb/ft? 


DIMENSIONAL 
(M, L, T) 





L/T? 
1/T 
1/T? 
L? /F 


ET? /L4 
FT/L? 


FL 


L/T? 
FT 


L?/T 


FT?/L 


F/L? 
FL 
FY 


L/T 
F/L? 
FL/T 


/7T 
F/L? 


F/L 
F/L? 





. » 1w™~ ~ay 


QUANTITY 


Specific volume 
Time 
Torque 


Weight 
Work 


TABLE 8-4 (Continued) 
UNITS 


AMERICAN ENGINEERS 
SYSTEM 


cu ft/slug 


SEC 
ft-lb 


AMCP 706-285 


DIMENSIONAL ; FORMULAS 


L?/M 


T 
ML? /T? 


ML/T? 
ML? /T? 








aa 
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1.210 
lel] 
1.12 
1213 
1.14 


1.15 
1.16 
1.17 
1-18 
1-19 


1-20 
1.21 
1.22 
1.23 
1.24 


1.25 
1.26 
1.27 
1.28 
1.29 


1.30 
1.31 
1.32 
1.33 
1.34 


1.35 
1.36 
1-37 
1-38 
1.39 


1.40 
1.41 
1.42 
1.43 
i. 46 


1245 
1-46 
Le4? 
1.48 
1.49 


1.50 
1.51 
1.52 
1.53 
1.54 


1.55 
1.56 
1.57 
1.58 
1.59 


1.60 
1.61 
1.62 
1.63 
1.64 


1.65 
1.66 
1.67 
1-68 
1.69 


TABLE B-5 


Functions of the Specific Heat Ratio 7 


Y 


- 9090940 


- 9009040 


- 89286+0 
« 8849640 
e 8771940 


e 8695740 
« 8620740 
«8547040 
@ 84746+0 
e 8403440 


e 83333+0 
oe 826450 
¢81967+0 
8130140 
« 8064540 
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TABLE B-6 


PI-d 


i/y 


P, = STATIC PRESSURE IN EXIT 
SECTION OF NOZZLE 


pP2= TOTAL PRESSURE AT 


Values of (Pc/ Pg) 
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Y¥—- gamma ENTRANCE SECTION OF 
O EXHAUST NOZZLE (R> e ) 
eau 
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2 1 B7T7T941 elB271L +L oe 17818+1 01773301 0) 765041 e 1756941 - 174891 el 741141 0173351 el T260e1 
3 22714901 ° 25995e1 ° 24980+1 02479291" 2460841 02442941 0 2425441 e 2408241 o23915e1 o23T51+41 
& 235264+1 e 3338361 o 3174841 e 3144641 © 31152¢1 e 3086641 e 30587+1 « 303141 oe 30049e¢1 o29789+1 
5 4319441 ° £0532¢e1 o 38236+) o 3781501 o 3740541 e 3700641 e 3661741 eo 362391 2 3567141 ° 3551201 
6 .50981¢1 o 4749661 04451041 o 43964e1 o 43434+1 04291641 oe 4241 7+1 © 4193001 o 41455e1 °40994e1 
7 2586501 543091 eSO6L141 o 4992841 © 4928441 o 486491 °48032+1 04743341 © 468501 4628441 \ 
B 2.662201 - 609951 - 565691 - 5576441 25498441 0542270} «9349341 25278041 5208841 S1416¢l1 \ 
9 7370441 e6T57T3I+1 o 6240341 e 614651 e 60557+1 0 596TT+1 «5868231 5799541 05719241 © 5641261 
10 .81113¢1 0140571 o 6812941 6705741 e 6601941 26501441 2 64040+1 © 6309641 621801 261292¢1 
ll .88455e1 o 804561 o 7376141 o 025531 071386441 eo 1025241 26915641 «680951 e 8 1066%) 2 66068+) 
L2 9573641 «867801 oe 1930841 e T7962¢1 e 7666141 e 1540241 o 141841 e 7300401 -71861+1 eo 7075441 
13) 1029642 - 930351 08477941 28329441 e £18591 -804T2¢1 oe 1913041 e 778311 o 1657441 0753571 
14 1101442 © 992281 e9OLT9F1 © 885551 869861 8654701 - 840031 e 8258501 812131 -79885¢1 
15 11727+2 2 10536+2 © 9551641 29375141 ¢ $2047) 2904011 - 888101 e 8727201 - 8578441 2 B4344e1 
16) 21243542 1114542 - 1007942 9888 7+1 09704741 9527141 093559441 918961 9029241 oBBT41¢1 
17 28314042 211746842 «1060242 210397+2 01019942 2100062 ° 98242+1 ° 9646341 o 947431 -93080e1 
16 .13841¢2 0 1234642 01111942 e 1090042 «1068842 21048442 21028642 e 1009842 991401 097365¢1 
19 .14538¢2 21294142 2° 1163142 - 1139842 01117342 - 10956+2 2 1074642 o 1054442 © 1134942 210160+2 
20 1523242 -13531¢2 -1213942  .L189142 © 1165242 o11422+2 0 11200+2 e 1098642 1077942 -10579¢2 
21 2159232 e lL4l17%e2 “26432 e12381+2 01212842 oe 11884+2 01264942 01142342 © 1120442 «109932 
22 .16611¢2 2 14700¢2 2 1314342 - 1286642 - 1259942 01234242 e 1209542 oe 11856¢2 o 1162642 o 1140342 
23. ol 729642 e 1528042 e 1363942 01334742 01306742 el 2T9T+2 01253642 1228542 0 1204342 01180942 
24 -17978+2 - 1585642 1413142 2 1382542 o 1353142 01324742 0 1297442 ©12711+2 01245742 01221242 
25 .18658<¢2 - 1642942 e 1442042 - 1430042 ¢ 1399142 o 13694+2 - 1340842 © 131332 o12B67¢2 e12611+2 
26 193352 a 1699942 1510642 el@7TT1+¢2 0 lL 444822 014138¢2 2 138339+2 01355142 01327442 -13006¢2 
27? 220010+2 21756642 - 15588+2 e 1523942 - 14902+¢2 01457842 o 1426742 «13967+2 01367742 o 1339942 
28 .20682+2 e1GL30¢2 oe 1606842 © 15704*2 e 1535342 © 1501642 2 1469142 © 1437942 014078+2 - 1378842 
29 2135342 2 1869242 2 1654542 © 1616642 -15801¢2 © 1545042 e 1 S113¢2 o 1478642 lL 447542 0 lL 417442 
30 .22021+42 01925142 1701942  .1662542 oe 1624642 - 15882+42 e 1553242 eo 15195+2 1487042 o 1455 8+2 
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P, = STATIC PRESSURE IN EXIT 
SECTION OF NOZZLE 
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Pe 1.28 1.29 1.30 1.35 1.40 1.45 1.50 1.55 1.60 b.65 . 
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1? .91572¢l 8991602 08841061 .81554e1 7566441 27056401) 6611541 .62207+1 5675301 5568461 
18 .95649¢1 .93990¢1  .92383¢1 650811 7861841 .7340241 .68683¢1 .64654441 6089042 0575464) 
19 .997764% 980131 09630741 8855741 ceBl19ZL0l .761900¢1 .T1204e1 .66835¢1 6298341 .59567e1 
20 .10386¢2 «1019942 ei0919e2 ©91987¢1 o 849781 oe 76934¢1 e 7368141 o 6908 34) 2650341 06144741 
21 21078942 .10592¢2 20460142 .95372¢2 8799242 8163542 T6LAT+L 712934) 6704841 6329141 ’ 
22 o1)188¢2 c1L0981¢2 «21078042 «9871641 .90965e1 8429641 7851441 .73465¢1 .69026¢1 651011 
23. 1158442 o 1136602 oll tSSe2 e 1020242 09369901 86921 ¢1 e 808 T61 eo 7560202 oe 70971 +1 ©66879¢1 
24 <2AOTS*2 «RL T474+Z = 211352702 2105292 9679841 e89510¢1 0032031  .7770T¢h 72868401 06862641 
25 01236342 21212502 1189402 .10852¢2 29966241 .92065+1 8549942 7978141 7476741 .7034601 
26 cl2T4B42 01249942 «= n-: B.225942 =s-—da  ALALTZ*+2 «=—«._--:& $0 249%2 «=o. 94S9O"L «=«. 0 BT 76441 =—§. . 81 BZ56L = =—«. 7662341 = + 7203 Be} 
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30 0142562 -13965¢2 oe 1368542 08242142 21135242 210+ ‘'0¢2 9654941 © 89739e1 0837924) e 7856441 
32 14993¢2 o 14686242 oe 14382¢2 e13029¢2 e11686¢2 e1B91L5e2 e LOOT9e2 © 93554e1 e 8724141 81698601 < 
34 11572142 .1538802 .15068¢2 21362842 01241442 2138242 1049542 .9728641 .9061001 847564) “| 
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i TABLE B-6 
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P. = STATIC PRESSURE IN EXIT 
@ 
3 Values of (P./ Pe) SECTION OF NOZZLE 
| o 
P= TOTAL PRESSURE AT 
| Y¥— gamma C ENTRANCE SECTION OF 
3 o EXHAUST NOZZLE (P,>P)) 
| Pe 
| Pe 1.28 1.29 1.30 1.35 1.40 1.45 1250 1.55 1.60 1.65 
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TABLE 8-8 VALUES OF THE PARAMETER./Z; AS A FUNCTION OF Pe /Pg 
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TABLE B-9. MOLAR SPECIFIC HEATS AT CONSTANT PRESSURE 
FOR C-H-N-O COMPOUNDS 


B-20 


(Cp in cal/mol °K) 
(Gordon, J.8., Wright Air Development Center, TR57-35, January 1957) 
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TABLE 8-10. ENTHALPY OF C-H-N-O COMPOUNDS ABOVE T= 298.16°K 


(h in k cail/g-mol) 
(Gordon, J.S., Wright Air Development Center, TR 57-33, January 1957) 
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Temperature 
°K °R COs: H Ha HzO N NO oO On Os OH 
437 0 0 0 0 0 0 0 0 © 0 0 0 
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1680 3.085 1.450 2105 2.508 2.125 2.187 3.07 2027 1.544 2.2004 93.2556 2.135 
120 4.244 1.906 2.808 3.380 2852 2042 421 4.020 2049 29873 4.4656 2.840 
1440 §.452 2.493 3.514 4.208 3.505 3.715 6.30 8.204 2850 3.7849 8.7130 3.552 
1620 6.700 2.990 4.224 §.238 435 4506 6.61 6.448 3.501 1.5090 6.0870 4.271 
1800 8 7983 3.487 4.942 6.208 5.129 §312 7.85 7.759 3.551 5.4265 8.2834 §.000 
1980 3.344 9.2093 3.9004 8.669 7.208 6.017 8.040 6.13 0.122 4.051 6.265 9.5946 5.738 
21/0 3.878 10.630 4480 6.404 8.238 6.717 6060 10.42 10.557 4650 7.114 10018 6.488 
2340 4.428 11.9087 4.977 7.130 9.297 7.820 7.798 11.60 12075 6040 7.970 12.251 7.249 
2520 4.990 13.350 5.474 7.906 10.382 : 8.644 12.98 13.638 5,547 8.834 13.502 §.020 
2700 6.572 14.749 5971 8.673 1.494 0.178 9.497 14.20 18.244 6046 9.704 14.039 8.803 
2880 6.149 16.150 6.468 0.450 12.627 10.014 10.356 15.63 16.872 6544 10.582 16.202 9.505 
3060 6.735 17.563 6.964 10.237 13.785 10.857 11.219 16.95 18.53 7.042 11.464 17.649 10.807 
3240 7.330 18.985 7.461 11035 14962 11.705 12.087 18.30 20.19 7.540 12.353 19.000 11.208 
3420 7.928 20.416 7.958 11.841 16.187 12.650 12.060 10.64 21.88 8.0308 13.28 2.37 12.027 
300 8.528 21.855 8.455 12.656 17.372 13.417 13.835 20.99 23.58 8.585 14.148 21.74 12.654 
3780 9.138 23.301 $8952 13.480 18.600 é 14.714 25.82 9.033 18.053 2.11 13.689 
3960 9.748 24.753 9448 14.311 10.843 18.505 27.04 0.631 15.965 24.48 14.830 
4140 10.363 26.210 9.945 15.150 21.101 16.479 28.70 10.029 16.881 25.85 18.377 
4320 27.672 10.441 15.997 17.365 30.65 10527 178N 77.23 16.230 
4500 29.140 10938 16.850 18,254 32.33 11.025 28.731 28.600 17.060 
4680 30.619 11.435 17.709 19.144 34.10 11.524 19.663 22.976 17.053 
4860 32.0866 11.932 18.575 O37 35.08 12.022 20.601 31.354 18.622 
5040 33.504 12.429 10.447 20.931 37.65 12.622 21.844 32.732 19.605 
5220 35.047 12925 20.325 21.826 39.41 13.021 22.492 984.112 20.572 
5400 36.532 13.422 21.208 22.724 431.19 13521 23.445 35.402 21.456 
5580 38.021 13.919 22.210 23.622 43.04 14.022 24.402 36.873 22.342 
57 39.513 24416 22990 24.523 14.523 25.964 38.254 233 
5940 41.007 14.913 23.889 25.424 15.025 26.330 309.486 . 
6120 42.5304 15.400 24.793 26.328 15.528 27.3901 41.018 
6300 44.003 15.006 ‘ af .232 18.029 28.274 ¢2.401 
6480 45.505 16.403 26.616 28.137 16.837 20.252 43.785 
OO 47.009 16.900 27.834 20.044 17.042 30.235 45.160 
6840 48.516 17.397 28.457 29.052 17.548 31.220 46.853 
7020 50.024 17.893 20.38: 30.861 18.056 32.208 47.097 
7200 51.535 18.300 30.316 31.771 18.665 $83.900 49.322 80.488 
7380 53.048 18.887 31.253 32.882 10.074 34.194 60.708 31.410 
7560 $4.563 19.384 32.193 33 505 19.685 35.192 62.003 32.335 
7740 56.079 '9.881 33.138 34.568 20.007 36.192 83.470 33.2364 
7920 §7.598 20.377 067 35.422 20.610 37.194 54.365 34.195 
£300 59.119 20.874 35.041 36.338 21.125 88.190 656.281 85.199 
8280 00.441 21.372 35.908 37.254 21.640 39.206 36.067 
8400 62.165 21.868 36.950 38.171 22.187 40.215 37.007 
840 63.92 22.365 37.024 : 39.000 22.675 41.227 37.050 
8820 65.220 22.861 .984 a 40.004 23.194 42.240 38 806 
9000 66.749 23.3258 39.866 : 40.923 23.715 €3.255 30.645 
9180, 68.309 23.855 843 24.495 41.845 24.237 44.272 40.707 
9360 69.870 24.352 41.823 25.063 42.768 24.758 45.2809 41.751 
9540 71.434 24849 42.208 25.637 43.602 25.280 46.310 42.707 
9720 73.001 25.345 43.705 26.216 44.617 26.817 €7.330 43.666 
9900 74.569 25842 44.787 26.799 45.543 26.339 48.453 44.627 
10,080 76.140 28.339 45.781 21 387 48.470 26.063 49.376 45.6001 
10,260 77.713 836 67 27.980 308 27.300 60.400 46 £66 
10,440 79.288 27.333 47.781 28.579 48.327 27.025 61.425 47.623 
10,620 80.865 27.820 48.788 29.182 49.256 738.450 62.448 48.403 
10,800 82.445 28.326 49.795 29.700 60.187 28.080 53.470 40.463 
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Ablation cooling systems 10-1 7 


Acoustic instability 
principal conclusions 8-18 
solid propellant motors 8-17 
suppression methods 8-1 8 


Aerodynamic heating 
rockei motors 8-24 


Aerozine 9-30 


Afterburning 
turbofan engines 15-52 


Air-augmented engines [1-1 
Air-augmented rocket engine 12-8 


Air-breathing engines 
classification 12-7 
efficiency 12-23 
overall propulsive efficiency ]2-23 
thermal propulsive efficiency 12-24 
general comments 12-28 
performance expressed terms 
of efficiencies 1 2-23 
perfo, nance parsazneters 12-27 
specific engine weight 12-27 
factors affecting 12-28 
specific fuel consumption 12-24 
specific impulse 
air specific impulse 12-27 
fuel specific impulse [2-27 
thrust equations 12-18 
specific air-breathing engines 1 2-20 
terms of fuel-air ratio 12-19 
turbine inlet temperature 12-28 


Aircraft (Army) 15-2 
Air-turborocket engines 11-1, 12-8 


Altitude 
burnout 5-14 
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Altitude (con't) 
coasting 5-14 
coasting after burnout 5-14 
maximum drag-free 5-14 
ramjet engine, effect on 14-10 


Alumizine 9-31 


Ammonia 
and hydrazine mixtures 9-3 ] 


anhydrous 9-31 


Area ratio 
adiabatic nozzle 4-26 
complete expansion of gas flow in a 
converging-diverging nozzle 4-14 
critica! area ratio in terms of flow expansion 
ratio 3-20 
nozzle, for complete expansion 6-13 


Ballisites 7-2 


Ballistics 
solid propellant rocket motors 8-3 


Bincess 
composite propellants 14 
raw materials of 7-9 


Bipropellant liquid engines 10-2 


Bipropellant rocket systems 
fuels for 9-22 


Borohydride fuels 9-24 


Boundary layer 
in a flow 13-1 


Burning rate 
controllable linear 7-7 


Burning surface 
effect of shape 8-12 
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Burning time 
rocket engine 5-2 


Burnout velocity 
rocket-propelled body 5-9, 5-13 
ideal 5-14 
vacuum 5-14 


Cavitation 
turbopumps of liquid propelled missiles 9-3 


Chemical jet propulsion systems 11-1 


Chemical reactions 
endothermic 6-5 
exothermic 6-5 


Chlorine trifluoride 9-16 


Coburning 
turbofan engines 15-52 


Coefficients 
divergence loss 4-31 
gross thrust 14-8 
mass flow 5-4 i 
net thrust of ramjet engine 14-8 
nozzle discharge 4-27 : 
nozzle performancd 4-27 © 
nozzle velocity 4-27 
propellant flow 6-11 
thermal expansion 7-7 
thrust 5-4, 6-13 
weight flow 5-4, 6-11 


Cooling systems 
ablation cooling 10-17 
classification of thrust chambers 10-10 
compound heat-sink/heat-barrier 

cooling 10-14 

film 10-16 
heat barriers in thrust chambers 10-11 
heat sinks in thrust chambers 10-11 
internal systems 10-16 


nonregenerative systems 10-11 
transpiration cooling 10-17 


Compression shock 
development of 3-37 


Combustion chamber 
hybrid engine 1 1-14 


Combustion products 
reassociation into gas flow through a 
nozzle 4-28 


Conductivity 
thermal 7-7 


Configurations 
nozzle design 4-29, 4-30 


Continuity equation 
steady one-dimensional flow 3-7 
steady one-dimensional isentropic flow of 
an ideal gas 3-20 
steady one-dimensional flow of an ideal 
gas 3-10 
terms of stagnation conditions 3-21! 


Contour 
potential wall 4-29 


Control 
flight control 5-8 


Control surface 
fictitious control surface 2-3 
. Stationary control surface 2-3 
transport of a fluid property across 2-3 


Cordites 7-2 
Counterflow heat exchanger 15-25 
Critical area 

critical area ratio 3-20 


critical area ratio in terms of flow expansion 
ratio 3-20 
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Critical area (con’t) 
critical area ratio in terms of flow Mach 
number 3-20 
definition of 3-18 


Cryogenic fuels 
liquid bipropellant systems 9-22 
physical propeities 9-23 


Design 
diffuser 13-11 
hybrid rocket engines 11-12, 11-16 
nozzle design configuration 4-29 
nozzle design principles 4-28 


Design point charts 15-18 


Density 
critical mass flow density 3-2] 
impulse 6-23 
propellant, density of 7-7 
propellant loading, density of 5-8 


Differential equation 
solution of, for linear motion with drag and 
gravity S-1]1 


Diffuser 
axisymmetrical diffuser system 13-9 
compressible flow 13-1 
conical spike diffuser 13-1] 
additive drag of a conical spike 
diffuser 13-12 
design of 13-11 
drag 
additive drag of a conical-spike 
diffuser 13-12 
external drag of the diffusion system 13-12 
efficiency 
energy elficiency of a diffuser 13-6 
isentropic diffuser efficiency 13-5 
external-compression diffuser 
static pressure ratio 13-2 
static temperature ratio | 3-2 
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external shock diffusers, operating 

mode 13-11 
isentropic diffuser efficiency 13-5 
isentropic spike diffuser 13-13 
normal shock diffuser 13-7 

ram pressure 13-8 
operation 

critical operation of a diffuser 13-11 

subcritical operation of a diffuser 13-11 

supercritical operation of a diffuser 13-11 
performance 

characteristics 13-1] 1 

criteria |3-S 

in aramjet engine 14-14 

stagnation pressure ratio as a criterion 

of 13-5 

ramjet engine, diffuser performance in 14-14 
ram pressure for normal shock diffuser 13-8 
subsonic diffuser 13-1 
subsonic extemal-compression diffuser 13-2 
subsonic intake diffuser 13-2 
subsonic internal-compression diffuser 13-3 
supersonic diffuser 13-1 

external cémpression 13-9 

reversed DeLaval nozzle 13-9 
supersonic-inlet diffuser 13-7 


Diethylenetnamine (DETA) 9-30 

Dimazine 9-29 

Dimethylhydrazine (unsymmetrical) 9-29 

Dissociation reactions 6-6 

Dithekites 9-9, 9-1 2 

Divergence loss 6-1 | 

Drag 
additive drag of a conical spike diffuser 13-12 
aerodynamic drag 5-1 ] 
external drag in a diffusion system 13-12 
linear motion with drag and gravity 5-9 


nose drag 5-11 
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Drag (con’t) 
skin friction drag 5-1 1 
tail drag 5-11 
viscous drag 13-1 


Dual-cycle engine 1 2-6 


Duct length 
critical duct length for Fanno flow of ideal 
gas 3-27 
for specified change in Mach number 3-27 


Efficiency 
engine weight efficiency 5-8 
ideal propulsive efficiency 2-16 
isentropic diffuser efficiency 13-5 
nozzle efficiency 4-27 
overall propulsion systein efficiency 2-16 
propulsive efficiency 2-16 
thermal efficiency 2-16 


Elastomeric monomers 7-4 


Electromagnetic signals 
attenuation of electromagnetic signals 7-8 


Emulsions 
possible liquid propeliants 9-33 


Energy equation 
simple adiabatic flow 3-12 
simple adiabatic flow of an ideal gas 3-13 
steady one-dimensional flow 3-8, 3-12 
steady one-dimensional flow of an ideal 
gas 3-14 


Engine 
characteristic velocity and performance of 
different rocket engines 5-5 
engine weight efficiency 5-8 
hybrid rocket engine 1-11 
liquid bipropellant rocket engine 1-11 
liquid monopropellant engine I-] 1 
liquid monopropellant rocket engine 1-11 
specific engine weight 5-7 


1-4 


“, 





-Enthanol 9-26 


Equilibrium 
combustion pressure 6-5 
combustion temperature 6-5 
composition of a gas propellant 6-5 
frozen equilibrium 6-4 
thermochemical equilibrum 6-6 


Erosive burning 
solid propellants 8-13 


Ethyl! alcohol 
ethyl alcohol as an organic fue! 9-29 


Ethylene oxide 
ethylene oxide as a liquid propellant 9-12 


Euler’s equation of motion 3-8 


Exhaust 
smoke in exhaust gases 7-8 


Expansion 


a thermal expansion ratio 7-7 


overex pansion in a converging-diverging 
nozzle 4-20 

underexpansion in a converging-diverging 
nozzle 4-21 


Feed systems 
liquid propellant rocket engines 1 0-20 


Film cooling systems 10-16 


Flight 
flight control of a rocket-propelled 
vehicle 5-8 
flight performance of a rockct-prepelled 
velhicle 5-8 
flight stability of a rocket-propelled 
vehicle 5-8 


Flow 
adiabatic flow 
energy equation for simple adiabatic 
flow 3-]2 
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Flow (con’t) 
energy equation for simple adiabatic flow 
of an ideal gas 3-13 
choked flow 6-11 
compressible flow in nozzles 4-3 
compression 13-1 
cold flow through a shaped duct 141 
critical area ratio in terms of flow 
expansion 3-20 
critical flow density 3-2] 
critical flow parameters 3-18 
external flow 2-7 
equilibrium flow 4-34 
energy equation 
simple adiabatic equation 3-12 
simple adiabatic equation of an ideal 
gas 3-13 
steady one-dimensional flow 3-7 
steady one-dimensional isentropic flow 
of an ideal gas 3-14 
expansion 
critical area ratio in terms of 3-20 
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Fanno flow 
characteristics of 3-23, 3-24, 3-25 
equations for 3-23 
ideal gases 
characteristics of the Fanno flow of an 
ideal gas 3-28 
critical duct !ength for Fanno flow of 
ideal gas 3-26 
equation for computing Fanno flow 
functions for ideal gases 3-28 
example problem for computation of 
Fanno flow functions for ideal gases 3-29 
Fanno line equation 
frozen flow 4-34, 6-4 
internal flow 2-7, 2-11 
isentropic flow 
critical conditions for steady one-dimensional 
isentropic flow of an ideal gas 3-18 
critical thermodynamic properties for steady 
isentropic flow of an ideal gas 3-18 
energy equation for steady one-dimensional 
isentropic flow of an ideal gas 3-14 
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Fanno line equation (con’t) 
functions for ideal gases 3-21, 3-22 
Steady one-dimensional 3-13 
isoenergetic flow 3-15 
losses in a ramjet engine 14-13 
mass flow 
coefficient 5-4 
rate for ideal nozzle flow 4-8 
rate for nozzle operating with adiabatic 
flow and wall friction 4-28 
rate of piopellant gas 6-1 1 
momentum equation 
steady one-dimensional flow of an ideal 
gas 3-12 
steady one-dimensiondl reversible flow 
3-8 
perfect gas flow in a converging nozzle 
(isentropic throat velocity) 4-5 
nozzle 
ideal flow in a nozzle 4-3 
ideal flow in a converging nozzle 4-5 
ideal flow in a DeLaval nozzle 4-10 
flow in real nozzles 4+-26 


Rayleigh flow 
definition 3-29 
equations for 3-29, 3-31, 3-32 
functions for ideal gases, equations for 
tables of 3-35 
ideal gases, « ,;uations for 3-34, 3-35 
reversible flow 
Euler’s equation of motion 3-8 
momentum equation for reversible, steady 
one-dimensional flow 3-12 
steady flow 2-4 
steady one-dimensional flow 
energy equation for steady one- 
dimensional flow 3-7 
ideal gas 3-10 
unsteady flow 2-4 
weight flow coefficient 6-11, 5-4 





Fluorine | 
fluorine monoxide 9-22 | 
liquid fluorine as a propellant 9-13 | 
oxidizers 9-17, 9-20 | 
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Fluid compressibility 3-7 


Forces 
body force 2-6 
drag force 
external drag force 2-7 
internal drag force 2-7 
external force on a flowing fluid 2-6 
hydrostatic force 2-6 
net component of force 2-7 
net internal axial force 2-7 
normal force 2-6 
surface force 2-6 
tangential force 2-6 





Friction 
friction coefficient 3-23 
wall friction 
decelerating influence of wall friction 4-23 
mass flow rate for a nozzle operating with 
adiabatic flow & wall friction +28 


Fuel 

consumption, rate of 2-15 

flucrine and oxygen oxidizers, fuel 
performance with 11-6 
_ hybrid fuels 11-6 

hydrogen peroxide, chlorine oxidizers, fuel 
° | performance with 11-7 
mixture ratio 2-13 


Fuel-plasticizers 
homogeneous propellants 7-2 


Gas 
calorically perfect gas 3-6 
flow in a converging-diverging nozzle, area 
ratio for complete expansion of 414 
gas dynamics 3-4 
assumptions in calculations 6-4, 6-5 
hot gas 15-25 
hot gas generators 1-3 
hybrid engine, gas characteristics 1 1-7 
ideal gas 3-5, 3-7 
acoustic or sonic speed 3-7 
adiabatic flow, energy equation for 3-13 
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Gas (con't) 
Fanno flow 
characteristics of 3-28 
critical duct length 3-27 
equations for computing Fanno flow 
for an ideal gas 3-28 
equations governing the Fanno 
flow 3-26 
example problem for computation of 
Fanno flow functions 3-29 
with ideal gases 3-26 
isentropic flow functions 3-21, 3-22 
isentropic flow, steady one-dimensional 
critical conditions for 3-18 
critical thermodynamic properties 3-18 
energy equation for 3-13 
pressure drop 
gas side pressure drop in a thrust 
chamber 10-8 
pressurization 
chemical gas 10-21 
stored inert 10-20 
steady one-dimensional flow 3-10 
momentum equations 3-1] 2 


Gas-turbine engines 
combustion process | 5-6 
compressor 
pressure ratio parameter 15-4 
temperature rise in air-compressor 15-4 
compression process | 5-4 
conclusions about gas turbine engines |5-55 
cycle of engine 
cycle losses 15-12 
thermodynamic analysis 15-12 
diffuser 
pressure ratio parameter |5-2 
temperature 15-2 
diffusion process 15-2 
dimensionless heat parameter 15-6 
efficiency 
burner 15-6 
components’ efficiency 15-2 
isentropic diffuser 15-2 
flow rate 
ideal fuel flow rate 15-6 


Vaeg-t 





ey me 


ge, me * ee 2 Oe ee la km wee OF? Mec al Se~-wS an SF fn, Qn. 








| 
: 
| 


me reeenetra kam te” 


= & 


<P 


Gas-turbine engines (con’t) 
jet engines 15-38, 12-11 
types 15-1 
turbine 

expansion process | 5-6 
inlet temperature | 5-7 


Gels 
thixotropic gels 9-32 


Grain configuration 8-20 


Gravity 
differential equation for linear motion with 
drag and gravity, solution of 5-11 
linear motion with drag and gravity S-9 


Handbook 
division of handbook 1-1! 
purpose and scope of handbook I-1 
units of measurements employed 1-11 


Hazards 
explosive hazards of propellants 7-8 


Heat-barrier cooling 10-1 ] 
Heat-sink cooling 10-11 


Heat transfer 
liquid propellant thrust chambers 10-9 
solid propellant rocket motors 8-23 


Hybrid rocket engines 
advantages of 1 1-4 
afterburner chamber 1 1-16 
afterburning conventional engine 11-3 
burning rate | 1-1! 
classification | 1-1 
combustion of propellants 11-8 
definition 11-1 
design considerations 11-12 
exhaust nozzle design 11-14 
gas characteristics | 1-7 
head-end injection 11-2, 11-13 
ignition injectors ] 1-14 
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Hybrid rocket engines (con’t) 
internal! listics 11-10 
safety in isandling propellants 11-4 
simplicity 11-5 
specific impulses 11-5 
snecific performance 11-9 
thrust equation 11-11 
thrust termination and restart 11-14 
velocity 11-9 


Hydrazine 
fuel in a bipropellant system 9-3 1 
liquid propellant 9-9 
mixtures of hydrazine and ammonia 9-3 1 


Hydrocarbon fuels 9-27, 9-29, 9-30 


Hydrogen peroxide 
liquid propellant 9-10 
oxidizer 9-18 
water solution of hydrogen peroxide 9-10 


Hygroscopicity 7-7 


Ignition 
hybrid rocket engines 11-14 
propellant grain 8-19 


Impulse 
density impulse 6-23 
specific impulse 2-15, 5-3, 7-7 
jet power 2-15 
reduced 6-20 
theoretical 6-20 
total impulse 5-5 
weight ratio for rocket engines 5-8 


Injectors, hybrid engines | 1-14 
Insulation, rocket motor chamber &-26 


Jet engines 
air-breathing jet engines 1-4, 1-16, 2-17 
chemical air-breathing jet engine 1-4 
nuclear air-breathing jet engine 1-4 
flow processes in jet propulsion engines 3-4 
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Jet engines (con’t) 
gas-iurbine jet engine 1-4 
propulsive duct jet engine 1-4 


Jet power 5-5 


Je¢ propulsion systems 
Classification 1-3 
performance parameters 2-15 


Jetevator 8-31 
JP fi.els 9-29 


Mach number 3-7 
critical area ratio in terms of flow Mach 
number 3-2U 
duct length for specified change in Mach 
number 3-27 
effect on thrust 15-46 


Measureiments 
units employed in handbook 1-11 


Methano! 9-12 
Me*hy! nitrate 9-12 
Mixture ratio 2-13 


Momer uim 

equation 3-8 

equation for reversible, steady one- 
dimensional] flow of an ideal gas 3-12, 3-8 

equation for steady, one-dimensional, 
reversible flow 3-8 

fluid in a sieady flow 2-7 

theorem of fluid mechanics 2-3 

theorem for nropulsion systems 2-7 

thecrem for steady flow 2-7 


.onopropellants (liquid) 
classes 9-8, 9-9 
definition 9-3 


Mcncoroceliant runout 9-31 
1-8 
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Motion | oe | 
Euler’s equation of motion 3-8 
linear motion 
differential equation for linear motion 
with drag and gravity, solution of S-1 1 
thrust of rocket engine with linear motion 
of vehicle 5-9 | 
with drag and gravity 5-9 


Mycols 9-9, 9-12 


Nitric aciy: 
use aS 2in oxidizer 9-18 
use as a propellant 9-12 


Nitrobenzene 
use as a propellant 9-12 | 


Nitrogen 
oxides of nitrogen 
mixed oxides of nitrogen 9-19 
physical properties of oxides of 
nitrogen 9-2] 
nitrogen hydrides and derivatives 9-27, 
9-31 


Nitrome thane 
use as a propellant 9-12 


Nitroparaffins 
use aS an oxidizer 9-]8 
use as a propellant 9-12 


Nitropropane 
use as a propellant 9-12 


Nozzles 
adiabatic nozzle 
area ratio 4-26 
annular nozzle 4-3 
area ratio for complete expansion 6-13 
choked exhaust nozzle 14-9 
complete nuzzling 4-28, 6-1 1 
compressible flow 4-3 
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Nozzles (con’t) 
conical nozzle 4-30 
adequacy 4-32 
thrust equation 43] 
contoured (bell-shaped) nozzle 4-34 
initial expansion section 434 
converging nozzle 
back pressure acting on 4-7 
ideal flow 4-5 
isentropic throat velocity 4-5 
for the flow of a perfect gas 4+ 
DeLaval nozzle 
area ratio for complete expansion of gas 
flow +14 
back pressure acting on 4-20 
ideal flow 4-10 
overex pansion 4-21 
underexpansion 420 
real nozzles 
flow in areal nozzle 4-26 
losses in a real nozzle 4-26 
self-adjusting nozzle 4-37 
subsonic flow 
transition into supersonic flow 434 
solid propellant rocket motors 8-27 
swivel nozzle 8-22, 8-33 
thrust equation for conical nozzle 4-3 | 
velocity coefficients 4-27 


Off-design point 15-18 


Organic fuels 
containing carbon, hydrogen and oxygen 9-24 
containing carbon. hydrogen and nitrogen 
9-24, 9-29 


Oxidizer-plasticizers 
for homogencous propellants 7-2 


Oxidizers 
composite propellants 7-5 
containing fluorine 9-17 
containing fluorine and oxygen 9-19, 9-22 
containing oxygen 9-20 
liquid oxidizers, physical properties 9-14, 9-15 
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Oxidizers (con’t) 
liquid propellant systems 9-12 
materials of 7-9 


Oxidizer tank, pressure requirements 11-13 


Oxygen 

liquid oxygen 9-16 
bladders 11-13 
injectors, hybrid engines 11-14 
pressurization in hybrid engine 11-13 
tank pressure requirements 11-13 

oxygen bifluoride 9-22 

oxidizers 9-17 


Ozone 
liquid ozone as an oxic azer 9-18 


Parallel heat exchanger 15-25 
Payload ratio 5-7 
Perchlorylfluoride 9-2 | 


Performance criteria 
diffuser performance 1 3-5 
flight performance 5-8 
rocket performace criteria, thermodynamic 
equations 6-6 
vehicle performance 5-8 


Piobert’s law &-5 
Poisson’s ratio 7-9 
Post-combustion } 2-13 


Power 
definition fo; propulsive system 2-14 
exit loss 2-14 
jet power 2-15, 5-5 
limited systems 2-15 
propulsive power 2-14 
thrust power 2-14 
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Pressure Propellants (con’t) 


back pressure 
modes of operation 4-7, 4-8 
varying on a converging nozzle 4-7 
varying on a converging-diverging 
nozzle 420 — 
equilibrium combustion pressure 6-5 
inlet total pressure of a nozzle, effect of 
varying 4-24 
Static pressure inside a duct, support of 14-1] 


Principles 


jet propulsion principle 1-3, 1-10 
nozzle design principle 4-28 
reaction principle 1-3 


Propellants 


ballistite propellants 7-2 
composite propellant 
additive to composite propellants 7-6 
binders for composite propellants 7-4 
formulations 7-6 
heterogeneous or composite propellants 
7-4 
oxidizers for composite propellants 7-5 
cordite propellants 7-2 
homogeneous (double-base) propellants 7-1 
additives 7-2 | 
applications 7-2 
characteristics 7-2 
fuel plasticizers 7-2 
oxidizer-plasticizers 7-2 
polymers for 7-2 
properties of 7-3 
hybrid, combustion 11-8 
liquid propellants 
availability 9-4 
boiling point 9-2 
chemical reactivity 9-2 
chemica) stability 9-3 
chemical structures 9-2 
cortosivity 9-3 
cost 9-4, 9-7 
density 9-2 
enthalpy of combustion 9-1 
freezing point 9-3 


I-10 


gelled liquid propellants 9-32 
grains 7-2 
heterogeneous liquid propellants 9-32 
Oxidizers 9-12 
selection of 9-1 
specific heat 9-3 
specific impulse 9-5, 9-6, 9-7 
toxicity 9-4 
vapor pressure 9-2 
viscosity 9-3 
loading density 5-8 
mass flow rate of a propellant gas 6-1 1 
mass ratio S-7 
mesa propellants 8-9 
plastic propellants, brittle temperature 7-1 | 
rocket engines 
bipropellant engines 10-2 
combustion chambers 1 G5 
cooling systems 10-10 
feed systems 10-20 
heat transfer in thrust charabers 10-9 
injectors 10-3 
thrust chambers 10-3, 10-6 
variable thrust 10-24 
safety in handling 11-4 
solid propeilants 
acoustic instability 8-14 
ballistics, internal 8-3 
burning 8-3 
combustion pressure oscillations 8-14 
compression strength 7-10 
cost 7-9 
creep 7-10 
defcrmation at rupture in 
compression 7-10 
density 7-7 
elongation in tension 7-10 
fabrication 7-9 
modulus in compression 7-10 
modulus in tension 7-10 
process-control 7-9 
properties of 7-9, 11-5 
Piobert’s law 8-3 
selection of 7-7 
sensitivity 8-13 
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Propellants (con't) 
shear strength between propellant and 
chamber 7-] I 
storability 11-5 
stress relaxation 7-10 
Stress-strain behavior 7-9 
temperature effect 8-12 
tensile strength 7-9 
vehicles 8-29 


Propulsion 
jet propulsion, differentiation from other 
propulsion methods 1-3 
performance criteria for rocket propulsion 5-5 
rocket propulsion 1-10 
scope of the field of propulsion 1-2 


Propulsion engines 
air-breathing jet engines 1-4 
classification of 1-2 
flow processes 3-4 


Propulsion systems 
high energy 11-5 
ideal system 2-4 
jet propulsion systems 
classification 1-3 


ui & subassemblies 1-3 


thermodynamic |-7 
momentum theorem 2-7 
performance parameters 2-15 
readiness of 9-7 
rocket propulsion systems 
chemical rocket propulsion systems 1-7 
classification 1-5 
rocket jet propulsion systems 1-5, 2-17 
volume limited propulsion systems 9-33, 11-4 
weight 5-6 


Propulsive duct engine 
heat addition to internal flow of a shaped 
duct 14-5 
performance parameters [4-1 
restriction of exit area of a shaped duct 141 
static pressure | 4-] 
thrust developed by 14-1 
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Propulsive jet engine 
definition of 1-3 
exit velocity parameters 12-19 


Ramjet engine 12-8 
altitude, effect on 14-10 
choked exhaust nozzle 14-9 
diffuser performance 14-14 
drag (external) 14-7 
efficiency 
burner efficiency 14-16 
overall efficiency 14-16 
fixed geometry ramjet engine 14-10 
flow passes (internal) 14-13 
fuel-air ratio, effect 14-10 
operation 
critica, operation 14-13 
modes of operation 14-10 
subcritical operation 14-13 
supercritical operation 14-13 
thrust 
gross thrust 14-5 
gross thrust coefficient 14-8 
gross thrust specific fuel consumption 14-16 
net thrust 14-7 
net thrust coefficient 14-8 
technology, definition of terms 
employed 14-5 
thrust coefficients 12-20 
thrust equations | 2-20 
variable ramjet engine 14-16 


Ratios 
fuel-air ratio, effect on ramjet engine 1410 
impulse-weight ratio for rocket engine 5-8 
payload ratio 5-7 
propellant mass ratio 5-7 
relationship with vehicle mass ratio 5-8 
ram pressure ratio for normal shock 
diffuser 13-8 
vehicle mass ratio 5-7 
relationship with propellant mass ratio 5-% 
weight and mass ratios 5-6 
work ratio for regenerative turboshaft 
engine | $-24 
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Rayleigh line 
characteristics (general) 3-32 
characteristics for the flow of an ideal gas 
3-32, 3-34 


Reassociation reactions 6-6 
Regeneration, cooling systems 10-14 


Regenerative turboshafi engine 15-24 
cycle analyses for regenerative turboshaft 
engine 15-28 
heat supplied to 15-29 
performance characteristics 15-30 
regeneration process 15-25 
regenerator 
effect of pressure drops 15-27 
effectiveness | 5-27 
effectiveness, specific output loss asa 
function of 15-28 
heat transfer surface area 15-28 
temperature of air leaving air 
compressor 15-29 
temperature of gas leaving turbine 15-29 
specific output 15-29 
thermal efficiency 15-30 
work ratio 15-30 


Regenerator 15-24 


Rocket motors 
air-augmented engines | 1-1 
air-turborocket engines | |-1 
chamber insulation 8-26 
heat transfer 8-23 
hybrid engines | 1-1] 
design considerations 8-25 
propellants 
liquid propellant 1@-1 
solid propellant 8-1 
thrust vector contol 8-28, 10-22 | 
vehicle range, control of 8-28 


Saint-Robert’s Law 8-9 


SCRAMSJET engine 12-10 
gross thrust 14-17.- 
gross thrust specific impulse 14-17 
inlet kinetic energy efficiency 1412 -. 
nozzle-thrust efficiency 14-18 
performance parameters 14-17 


Shock sensitivity 7-8 

Signals, attenuation of electromagnetic 7-8 
Signatures 7-8 

Slurry, thixotropic 9-33 


Specific heat 3-5 
constant pressure 3-6 
constant volume 3-6 
ratio 3-6 
relationships 3-6 
specific enthalpy 3-6 


Speed 
acoustic or sonic speed 3-7, 3-17 
critical acoustic speed 3-18 
isentropic speed 3-2] 
stagnation acoustic speed 3-20 


Stability 
chemical stability 7-7 
flight stability 5-8 


Stabilizers 7-2 


Stagnation 

acoustic speed 3-17 

conditions 3-15 

continuity equations in terms of stagnation 
conditions 3-21 

density 3-17 

enthalpy 3-15 

entropy, relationship with stagnation 
pressure 3-17 

pressure 3-15 

temperature 3-15 
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Stress, yielding 9-32 


Tensile strength 
ultimate tensile strength of propellant 
grains /-9 


Thermochemical ca!culations, assumptions 6-4 
Thermochemical equilibrium, conditions for 6-6 


Thermodynamic equations for rocket perform- 
ance criteria 6-6 


Thermodynamic properties 
critical thermodynamic properties for steady 
one-dimensional, isentropic flow of an 
ideal gas 3-18 
flow of an ideal gas 3-18 


Thermodyiiamic rocket engines 6-3 


Thrust 

available thrust 2-7 

chambers 
cooling systems 10-10 
characteristic length 10-6 
gas-side pressure drop 10-8 
liquid propellants 10-3 

coetficient 5-4, 6-13 

definition 1-3 

equations 
air-breathing engines 12-18, 12-19 
conical nozzle 4-3 | 
general 2-9 
rocket propulsion 2-13 

hybrid engines ] 1-5 

jet propulsion system, calculation of 
thrust 2-9 

liquid engines 1 0-24 

power 2-14 

propulsive duct engine 14-1 

ramjet engine | 4-5 

rocket engine with linear motion of 
vehicle 141 

specific thrust 2-15 

time cure 5-4 
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Thrust (con’t) 
vector control 
ablation 10-18 
mechanical means &-30 
movable nozzles 8-32 
secondary injection &-32 


Toxicity 7-8 
Tribrid rocket engines’ | 1-3 


Turbofan engine 12-14 

alr specific impulse 15-55 
burner fuel-air ratio 15-52 
bypass ratio 15-49 
compressor 15-51 
definitions 15-49 
diffusion for hot gas generator 15-5] 
duct burning turbofan engine 12-14 
gas dynamic processes 15-5] 
isentropic efficiency 15-49 
jet velocity (mean) 15-54 
nozzle expansion 1 5-53 

for cold-air stream 15-54 

for gas generator nozzle 15-54 
performance param.ters 15-54 
pressure ratio parameter 15-49 
turbine power 15-52 
thrust equation 15-54 


Turbojet 

compressor pressure ratio 
effect on constant flight speed 15-44 
effect on engine performance 15-46 

cycle temperature ratio 
effect on constant flight speed 15-44 
effect on dimensionless thrust 

parameter 15-46 

dimensionless heat addition 1 5-41 

dimensionless thrust parameter 15-43 

flight Mach number, effect on dimensionless 
thrust parameter 15-46 

flight speed, effect on engine performance 
15-46 

isentropic efficiency 15-8 
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Turbojet (con’t) 
machine efficiency 15-8 
nozzle expansion process 15-8 
overall efficiency 15-43 
performance characteristics 15-44 
thermal efficiency 15-43 
turbine 
isentropic efficiency 15-8 
pressure ratio ] 5-4, 
work 15-8 


Turbcprop engine 
altitude, effect on 15-36 
isentropic efficiency 15-8 
jet thrust 12-17 
machine efficiency 15-8, 15-38 
nozzle expansion process 15-8 
Operating characteristics 15-38 
performance characteristics 15-34 
propeller thrust | 2-17 
p-opeller thrust horsepower 15-34 
total thr:st horsepower 15-34 
turbine 
inlet temperature 15-36, 15-38 
isentropic efficiency 15-8 
work 15-8 





Turboramjet engine 12-16 


Turboshaft engine 

air cycle efficiency 15-11 

air-rate 15-9, 15-14, 15-18 

air ratio 15-9 

ambient air-temperature 15-19 

compression work 15-13 

cycle pressure ratio 15-15 

design criteria 15-9 

engine cycle, analysis of 15-12 

fixed shaft turboshaft engine 12-16 

free turbine turboshaft engine 12-16 

heat addition 15-13 

ideal turboshaft engine, thermal 
efficiency 15-10 

josses 15-12 

machire efficiency 15-8, 15-18 

optimum pressure ratio 15-15 


I-14 





aeraae oT Vet. Mars on 


Turboshaft engine (con’t) 
modifications | 5-21 
performance characteristics 15-15 
performance improvement 15-2] 
pressure drops 1 5-20 
specific fuel consumption 15-15 
specific output 15-9 
thermal efficiency |! 5-9 
thermodynamic cycle 15-10 
turbine 
isentropic efficiency 15-8 
turbine work 15-7 
two-spool turboshaft engine 12-17 
work ratio 15-15, 15-18 


Unsymmetrical dimethylhydrazine 9-29 
Vector control, thrust 8-28, 10-22 
Vehicle centroid 5-8 


‘ shicle performance criteria 5-8 
adiabatic exhaust velocity 6-3, 6-9 
burnout velocity 5-9, 5-13 
ideal burnout velocity 5-14 
vacuum burnout velocity 5-14 
characteristic velocity 
calculation when lacking experimental 
data 6-18 
performance of different rocket 
engines 5-5 
dimensionless isentropic velocity 4-7 
effective absolute velocity 2-14 
effective jet (exhaust velocity) 2-12, 5-2, 
6-13, 14-7 
exit velocity of the propulsive jet 2-13 
gradient in a boundary layer 13-1 
isentropic exhaust velocity 3-17 
isentropic exit velocity 6-7 
isentropic exit velocity for converging 
nozzle 4-5 
isentropic throat velocity for flo'v of a 
perfect gas in a converging nozzle 4-5 
Jet velocity of a propulsive jet, calculation of 
2-13 
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Vehicle performance criteria (con’t) 
mass velocity 3-7 
nozzle velocity coefficient 4-27 


ames Weapons 
rocket-propelled weapons 1-16 








Weight 
engine weight 5-7 
engine weight efficiency 5-8 
propulsion system weight 5-6 
weight flow coefficient 6-11 
weight and mass ratios 5-6 
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Listed below are the Handbooks which have been published or are currently being printed. 
dates prior to |) August 1962 were published as 20-series Qrdnance Corps pamphlets. 


redesignated those publications as 706-series AMC pamphlets (i.e., OROP 20-138 was redesignated AMCP 706-138). -All new, 
reprinted. or revised Handbooks are being published as 706-series AMC pamphlets. 


No. 


100 


104 
106 


107 
108 
110 
WW 
V2 
113 
114 
115 
12] 


123 
125 


127-128 


130 


134 
135 


136 
137 


138 
139 


140 
145 
150 
160(S) 


161(S) 


Title 





Design Guidance for Producibility 


Value Engineering 

Elements of Armament Engineering, Part One, 
Sources of Energy 

Elements of Armament Engineering, Part Two, 
Ballistics 

Elements of Armament Engineering, Part Three, 
Weapon Systems and Components 

Experimental Statistics, Section 1, Basic Con- 
cepts and Analysis of Measurement Data 

Experimental Statistics, Section 2, Analysis of 
Enumerative and Classificatory Data 

Experimental Statistics, Section 3, Planning 
and Analysis of Comparative Experiments 

Experimental Statistics, Section 4, Special 
Topics 

Experimental Statistics, Section 5, Tables 

Basic Environmental Concepts 

Packaging and Pack Engineering 

Hydraulic Fluids 

Electrical Wire and Cable Design 

Infrared Military Systems (2 vols) 

Design for Air Transport and Airdrop of 
Materiel 

Maintainability Guide for Design (Revised) 

Inventions, Patents, and Related Matters 
(Revised) 

Servomechanisms, Section |, Theory 

Servomechanising, Section 2, Measurement and 
Signal Converters 

Servomechanisms, Section 3, Amplification 

Servomechanisms, Section 4, Power Elements 
and System Design 

Trajectories, Differential Effects, and Data 
for Projectiles 

Dynamics of a Tracking Gimbal System 

Interior Ballistics of Guns 

Elements of Terminal Ballistics, Part One, Kil) 
Mechanisms and Vulnerability (U) 

Elements of Terminal Ballistics, Part Two, 
Collection and Analysis of Data Concerning 
Targets (U) 


162(S-RD})Elements of Terminal Ballistics, Part Three, 


1.65 
170(C) 
175 
176(C) 
177 
179 
180 
185 


166 
7 


ley 
19¢) 
205 
2109 
Z11(C3 
120 


195- 
200 
201- 


203 


Application to Missile and Space Targets (U) 

Liquid-Filled Projectile Design 

Armor and Its Application to Vehicles (U) 

Solid Propellants, Part One 

Solid Propellant: , Part Two (U) 

Properties of Explosives of Military Interest 

Explosive Trains 

Principles of Explosive Behavior 

Military Pyrotechnics, Part One, Theory and 
Application 

Military Pyrotechnics, Part Two, Safety, 
Procedures and Glossary 

Military Pyrotechnics, Part Three, Properties 
of Materials Used in Pyrotechnic Compositions 

Military Pyrotechnics, Part Five, Bibliography 

Army Weapon System Analysis 

Timing Systems and Components 

Fuzes, 6beneral and Mechanical 

Fuze, , Proximity, Electrica), Part One (U) 

Design Criteria for Environmental Control 

of Mobile Systems 
Development Guide for Reliability (6 vols) 


Rotorcraft Engineering (3 vols) 


ENGINEERING DESIGN HANDBOOK 


No. 
212(S) 
213(S) 
214(S) 
215(C) 
235 
238 
239 
240(C) 
241 
242 


244 


245(C) 


247 
248 


249 


250 
25] 
252 
255 
260 
270 
280 
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Handbooks with publication 2 
AMC Circular 310-38, 19 July 1963, 4 
Title 
Fuzes, Proximity, Electrical, Part Two (U) 
Fuzes, Proximity, Electrical, Part Three (U) 
Fuzes, Proximity, Electrical, Part Four (U) : 
Fuzes, Proximity, Electrical, Part Five (U) Es 
Hardening Weapon Systems Against RF Energy 
Recoilless Rifle Weapon Systems 
Small Arms Ammunition 
Grenades (U) 
Land Mines _ 
Design for Control of Projectile Flight 
Characteristics 
Ammunition, Section 1, Artillery Ammunition-- 
General, with Table of Contents, Glossary 
and Index for Series 
Ammunition, Section 2, Design ror Terminal ne 


Effects (U) 2 
Ammunition, Section 4, Design for Prajection : 
Ammunition, Section 5, Inspection Aspects of 
Artillery Ammunition Design 
Ammunition, Section 6, Manufacture of Metallic 
Canponents of Artillery Ammunition 
Guns--General 
Muzzle Devices 
Gun Tubes 
Spectral Characteristics of Muzzle Flash 
Automatic Weapons 
Propellant Actuated Devices 
Design of Aerodynamically Stabilized Free Rockets 


281(S-RD)Weapon System Effectiveness (U) 


282 
283 
284({C) 
285 
286 
290(C) 
29) 


292 


293 
294(S) 


295(S) 
296 
297(S) 


327 
329 
331 
335 
340 
34] 
342 
343 
344 
445 
346 
347 
355 
J5€ 
357 
350 
352 


360 


Propulsion and Propellants 

Aerodynamics 

Trajectories (U) 

Elements of Aircraft and Missile Propulsion 

Structures 

Warbeads--Genera) (U) 

Surface-to-Air Missiles, Part One, System 
Integration 

Surface-to-Air Missiles, Part Two, Weapon 
Control 

Surface-to-Air Missiles, Part Three, Computers 

Surface-to-Air Missiles, Part Four, Missile 
Armament (U) 

Surface-to-Air Missiles, Part Five, Counter- 
measures (U) 

Surface-to-Air Missiles, Part Six, Structures 
and Power Sources 

Surface-to-Air Missiles, Part Seven, Sample 
Problem (U) 

Fire Control Systems--Genera| 

Fire Control Computing Systems 

Compensating Elements 

Nuclear Effects on Weapon Systems 

Carriages and Mounts--General 

Cradles 

Recoil Sys teins 

Top Carriages 

Bottom Carriages 

Equiliorators 

Elevating Mechanisms 

Traversing Mechanisms 

Ine Automotive Assembly (Revised) 

Automotive Suspensions 

Automotive Bodies and Hulls 


Wheeled Amphibian Design 
Military Bridges and Stream-Crossinyg Equipage 
Military Vehicle Electrical Systems 
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